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Dear Sir:

Enclosed are 11 copies, including one reproducible copy, of a tech-

nical report ccvering the first quarter of work done during the period June

23 to September 22, 1952, under Contract No. AF 33(616)-Z3Z on "Investi-

ga'ions of Rhenium". Copies have also been sent directly to those on the

attached distribution list.

This report -ovars an ._.itensive suivey of the literature on rhenium.

So far as we arc aware, ct -, ':s o- summarizes all of the known tech-

nological information o .•a-n, nAlso of considerable interest to the

reader will be the section on the projected as well as the known uses 'of
rhenium.

It is the conviction of the research gruups at Battelle concerned with

rhenium that this rmetal is clone, to the stage where its great potentialities

1nay be realized. We are: now in the process of conducting experimental

work toward this objective,

Yours very truly,

R0 1o Jaffec

R T.j- nipi
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INTRODUCTION AND SCOPE

The first phase of the research program being conducted under Con-
tract No. AF 33(616)-63Z, designed to investigate the physical and metal--
lurgical properties of rhenium, is presented as this literature survey. To
provide a sound basis for future experimental work, the survey includes all
available data on rhenium, compiled and edited so as to present a complete
but compact picture of the mictal as it is now known.

This information, acqumulating in the literature for the past twenty-

seven years, has been classified into such major fields of interest as the
history of rhenium, its occurrence, recovery and production, and its physi-
cal, chem-nical. electronic, and metallurgical properties. In addition, since
a basic aim of this project is to evaluate, and arouse interest in, ihe pr,-
spective applications of rhenium, a quite complete section on the past,
present, and future uses td the metal hv:: been i.xclihded. All of the refer-
ences on rhenium, even those of only very remote value, have been listed
in two distinct classifications: thos-e which apply directly to tt,. t atn, and
i;hose which have: aot hee- uiiii... i t t"-

HA - I I . I':- M F M O I• I A I I KI 1i T I U 'iI.



1)[ .'1xC 1, it Ww:,' toulw thItat info Fr uati oil oi th I 111 ( 1cIi t: al iu uAi

ofM 11c 'nin t xa; 2htundant, m. n ivero rk his: Ihce2, dmnt on compound

Lei tbon ad a~~Xn ~.Hovieve a hy crI) dff~ant t irw i krýne

r;arcc 'kid IIa.yonlly onie ýsourxce of info rmatioI M1 as_ iavailablel' ft'C tiA&PLitE

JCop ti-cs. s tht-were- found. 'The physi(.:al metallurgy lf rhenj)vunt is virtually
;Anu nc io rndc ti nrId ;Ali 0410er P arn7l ijcp rIieVr I It (111 tpIt I Iti.;e

I)TSCOVERY AND HISTORY

In the yea.r 1869, the Russian chemist Mendelecf published his now

famous periodic table. Numerous blanks appeared in the original chart,

and Mendelhef predicted that these blanks would be filled with then unknow,.'

elements; he also predicted the properties these elements would have, and

assigned atomic numbers and provisional names. In Grcoup VIlb, headed

manganese, there were two unfilled spaces belonging to Element 43 and

Element 75. To these, he assigned the provisional names of eka-manganese

and dvi-manganese, respectively.

Despite near completion of the table by the 1920' s, these two elements
were still undiscovered. In 19Z5, the situation changed markedly, with a!-
most simultaneous clainis of discovery of Element 75 by three separate
groups of workers.

W. Noddack, I. Tacke, and 0. Berg(I 72), German chemists, were
the first claimants. From the predicted properties of Mendel~ef, the
natural occurrence of elements, and studies of the properties of manganese,
they reasoned that the missing elements would be associated with platinum
and would also occur in certain other ores, principally columbite. By
chemical concentration of columbite, sperrylite, gadolinite, and fergusonite,
they produced a product, which on X-ray analysis yielded spectral lines
indicating the presence of eka- and dvi-manganese. They named the elements
masurium (At. No. 43) and rhenium (At. No. 75), and also predicted their
abundance in the earth' s crust to be 10-13 and 10- 12 parts, respectively.
The name "rhenium" was in honor of the German Rhineland.

Meanwhile, F. Loring and J. Druce in England, while examining
pyrolusite and crude manganese compounds, concentrated a naw substance.
A few months after the German claim, Druce(3) reported this substance as

dvi-manganese, and presented chemical and X-ray evidence as proof.
Loring(4) predicted it would form a series of oxides, of which the highest
would be of the type M 2 07.

Also in 1925, V. Dolejfek and J. Heyrovsky) detected an ixrtpurity
in the eaertrolysin of rn~nganoikh .-nflfat solnticns with the then uninue.
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y ;1c1--matrati,,I III the inipurity waver the ,hw:rt÷- s;ic S d, Element 7S.
Years later, however, Heyrovský(6 ) admitted that the polarographc seps

at -1. 0 and -1. "o V Ults found 112 of C...if...i....A.
!;olutions, which were the bnais for Wi's rhenium claire_, :axu-;t havr huen due
in othe elemelnts.

Shoitly after Dolej~ek and Heyrovsk<' s tklx s i-ve ry", they nillnken•ccd

criticizing the work of Noddack, Tacke, and Be,,g, laiilininu; the (icvhfldflP'

X.--ray lines were due only to thalliuni rand zinc, the Noddacks* and Berg
. . . .... ... - . . .0 ..Al -1tn • i.,i....(9, 10) 11)
and Diolej~ k and Ueyrovsky 13. 14) also presented chemical and X-ray
evidence to add to the polemic situation. Russian ,ivesiigators(1IS 16)
st~udi � iumnerous platinuin ores and vigorously denied the presence of
rhenium therein. To further complicate the situation, Prandtl(17) and
Hcrszfinkel(18) in 1927 denied that any of the foregoing scientists had found
Element 75. Their main reasons were that other elements, principally zinc
and thalliumn, were being mistaken for dvi-manganese in X-ray photographs.

Whether the Noddacks had actually found Element 15 in 1925 may still
be problematical, but it is certain that by 1926 and 1927 it had been sepa-
rated an4 concentrated by thern, for work on its properties had com-
menced.( 1 9 ) The name they had given it, rhenium (Rhinemetal), soon came
into general use, and today No dack, Tacke, and Berg are recognized as
the discoverers of rhenium, (20) Element 43, now called technicium, was
never produced by the Noddacks in any quantity and they are not credited
with its discovery. Their early work was well summed up by Von Hevesy(21)
who presented the following table of Roentgen spectra as their proof:

Element 75
Lal LOZ L pI Lp? L•

Observed 1429.9 1440.7 1235.0 1204.8 1216.0

Calculated 1430.6 1440. 6 1235.5 1204. 1 1216.9

Von Hevesy explained that even though the La I line coincided with the Zn
Ka 3 line, it appeared too strongly to belong to zinc, The L1 I line coincided

with that of W L p,8 , but it was far too intense to be the tungsten line. LA.
and Lfl 3 match up with T1 La 1 and TI L 6 ,, but are of the expected rhenium,

not thalliumn, intensity. The line L a . is characteristic of rhenium alone.

On the other band, the work of Dolejgek and Heyrovskf, as well as

ths% of Dr•uce, was severely taken to task by Hurd(72) some years later.

Hurd and co-workers at the University of Wisconsin experimented ex-
tensively. witb manganese and pyrolusite ores, using procedures developed

by the Europeans. Hurd ernphatlcally denied the presence of rhenium in
detectable a.ui'untsý azd after testing ore to which rheniumn standards were

- uui: .. . . . . . . -;, 4 1 .=S L..." : ,... t'= ~ !_n= Ih fir.!!6

"WEIW NQU~IC R $ LA TTU L Lu C7.tf Mt ",*Y tZ11 kw 'j R I A 1. 1. M -- C- _ TU -



.. (),fl.X.jX . uuttu.c of i 1*'on- ltie precipitations, c(21uxjq)iet- .t+, .Ctk s

n~ d,- n!fsefl tU 1ŽzL u Xftp -B -,;, r 1- W11 i:t thi tin t Iai r !cr f s v !.L
li-hc a hit; aAi't r t -- en u ; J rvp-d c ut..% f tatiorn of a rhenrium- discov ;e ; c I-Ij , .- r.-
-...... :' fiot•,d+, proruipted Drucc to publish a statemeit to the effect that he
rread hanin' t bee,_n tr-ying in,% claim iic) c y ~ilalo~g. Dn~ ha cnine

vA-c ,,. at-e in = 't h,., rh. -_niu . .ii has writtenl ( ,.•nv rev-iCe's ill tie Iast s
tcwexaty years, and hars culrmiinated ifi s wN,,k wnil:- -... ,j t;uiui 2 (23) in
19 4'0. This is the only mo<dern autiol .i&+ toi .;t, Ol, lheniuro, and covers
the chemistry field exceedlngly well. it is notewvor.ýthy, howevr.r, ihaý
Druce appears to be prejudiced against the Noddacks, and seems to con-
tinuously attempt to cloud their now substantiated claimu for discovery, both
in his papers and in the book. This pvejudice miust be borne in mind when
reading Druce.

OCCURRENCE ADUNDANCE AND PRODUCTION

Originally, the Noddacks(1) estimated the rhenium content of the
earth' s crust at 10-12 parts. This value was later revised upward to about
4 -x 109 parts after analysis of numerous minerals, Thus, rhenium is about

1000 times more rare than molybdenum, avd 10 times more rare than irid-
ium. (M4) Analysis of meteorites, to find the "natural" abundance of rhenium
at first gave theoretically low results. (25, 26) Further analysis of mneteor-
ites ;howed the early results to be faulty; Goldberg and Brown(27, 28) found
from 0. Z8 x 10-6 to 1. 45 X 10-6 part of rhenium present, values with good
theoretical agreement. A possibility exists that rhenium is also present in
the sun(29), but if so, its concentration is minute, (30) Fraunhofer lines
show the strong Re 4889. 38 A line missing. (3 1)

Numerous practical sources of rhenium have been uncovered. The
basis for this information was also laid by I. and W. Noddack(32) who
analyzed over 1800 minerals. Figure 1 shows the locations from which
samples were procured and analyzed in the Scandinavian Peninsula,
Others1 -5')) have also searched for rhenium. The richest kniown source;
are presented in Table 1, in a roughly chronological order of their study.
It is immediately evident that early production of rhenium was from sparse
seurces of the ,rnetal indeed, Recent findings have uncovered relatively
rich sources of rhenium; some concentrates, particularly molybdenite, con-
tain nearly 25 per cent. Kronman(34) has suggested ithat r-heniurn prubably
accumnulates in carbon-rich rocks algo con-ataining sulfur.

Dcisnitc no widespread pnr-Ainction- of rheniurn in the United States,
tbeie new- source,; acouzuat pafially YOT r" 1-' r -Uctin #m price of 7-heni"'nm
;"zccthr ~...... Ar : of flrrrnan. uro-ductic In 1930 the price was about

v . j.. .r V - :+ -- . . .. .p.. • .. '- ,( d _.e. _- - r t t nrv*-.r n"-icp'1 as S4725
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'YAWI-: 1. 4IFOtMTANI',VORtl) SMTR ,:US IF RI IINIUM

i~flu~ttorI'6 tntand/or

sourece Gcogrzphicai Licahion Rasbre Mvineral Pppm Refelerze

Alit orw - (iT. Ilf)Sjo 2  0. 63 1. and W. Noddack(3 2)

ThrviicNorway Y2Si2O7 0. L i and W. Noddack(,32 )

Colnumbite Norway (Fe. Mn)Nb 2 O6, 1. and W, Noddack(,3 2 )

Molybdenite Norway l"oS2  '21 01 1. and W. Noddack( 32 )

Molybdenite Japan lMoS- 10. 0 1. and W. Noddack. 3 2 )

Molybdenite Siberia MOS-2  0,16 1. and W. Noddach( 3 2 )

Molybedie;A Colorado lMOS 2. 1. 8 1. and W. Noddack$3 2 )

Platinum Ores Urals -0. 8 1. and W. NoddacM( 3 2 )

Gadollnite, I 1 1. and W. Noddactk(32)

Gadolinitre Finland > >21. 0 Aartovaara( 38)
Poitash Waste Getmany -- Anon. (39)

Copper Slate Maraifeld, Germany GuS, MOS2 5. 0. Anon. (40)

Manganese- Ore Arkarnas -10. 0 ryieA41)

Copper Ore Arizona CUSP) - TylI,: F 4 2)

M~olybdenite Dom01stic Ui. S. MoS2  50, 000 TylerM43)
Molybdenite Latnejan, Sweden lMOS 2  2,50, 000 Aminoff(4 3 ' 4 4 )
Anode Sludge Norway -- Dmucee( 4.5)
Gold Extraction Slag Zmeinogorsk, Sibetia lvOS2 Druce(4 6)

Molybdentite Norther Wisconsin l~S , WcT j4(
4 6 )1

Molybdenize Unknown loS42  320,.000 Gellmrann(47 )

Molybdenire Stavenger, Norway MoSb2  310, 000 Gcllmann(47 )

Molybdenite A frica MoS2  280. 000 Geilmann (47)

Molybdenite Arendel, Norway MoS2  140, 000 Geiruann('1 7 )

Woitnist Unknown PbMoO 4  Low Gcilamann(4 7 )

Molybdenite Kounrad, Kazakh 1&o&2 15. 000 Stepanov("45* 49,50)

Mnlybdenire Tyznyauz. Kazaibc W6)S 2  120+ sxepanovC4 8 .4 9,6 0 )

Molybdenite Chikoy. Kazaahb 102 I2M Slrnanov( 4 8 ' 49,50)
Molybdenite Australia MoS2  110 Mowgn and avie&(,5 1 )
G-liminerscheifert Norway -Poor FIAT #697(52)
Flue Ilufa Miami, Atlasesa 105 10-15.000 Melaven(33)
Flue Dustr Miami. Arizona Mb 2 3-5,0Out

Kennecott Copper Company 220 Mclaven( 3 3 )
- 0Agham. Urah(Kennecou) -- N. Y, Tlmes(6 3 )

*I must be noted Thst the Values presetet-d Are analyses of both natuRal oreA and of concentraete.
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2e-1~ by the M~ianmi Conpepr Comnpany of Miamni, Arizona, it; one of the few
MoMUncey; of rheniuzn containing a suffitirntly high Vl1uL.bbis •,on•e•t i•" 'k!-
ecuomsocai1ly extractabhieo

The world production of rhenium has been very erratic. Figure Z
gives a rough approxination of production, and shows how discovery and
utilization o( the Mansfeld deposits spurred early high production. (-4, 30,
39 40, 5' German production in the period 1939-1945 is unknown. A
reasonable assumption is that it was level or rose slowly from the late
thirties' cutput until the closing days of World War II, when all Germans
turned to work more directly concerned with the hostilities. (24) German
patents indicate rhenium was still available in the early 1940' s. Now,
France and England are producing rhenium(55"A), but their source of con-
centrate is the United States.

Mansfeld, Germany, is in the Russian Zone. The Russians have

been interested In rhenium for yea-res as witnessed by their extensive work
on catalytic properties. It rmust, therefore, be assumed that production

of rhenium at Mansfeld continues under Soviet domination. The Noddacks(24)

estimated present world production of rhelmm as 2 to 3 tons per year.
Since Britain and France, as well as the United States, are all producing
rhenium at a low rate, their total production (estimated by the writer as

about 500 pounds per year) subtracted from the Noddacks' 2 to 3 tons indi-

cates the Russians have a healthy production indeed.

All rhenium used in the United States camne from German sources

until comparatively recently. When it was shut off by the war, Professor
Melaven commenced production at the University of Tennessee in small

quantities. (41) and when his process was patented in 1947, production in-
creas.d V3 1 Melaven has p.o d.ced. a total- of 300 pounds of metal since
1947,A(•) so his present production is assumed to be about 60 to 80 pounds
per year. He estimates that expansion of his facilities would permit pro-

duction of approximately 50 paunds of rnat1l per week if a g'd concentrate
were continuously availablet for orocessing. The concentrate should be
available, for sonme figures(SE) indicate that U. S. production potential
is of the order of 20, 000 to 30, 000 puuads per year.

Present wo.. I prld•tticn •centers may thus he considered to be:

MwfanslJd., Geri-rmany (Ruesian dominated)
2. S±Ththh; Kazakh (Russia)



6. 'rctCcprotan

it is ertV.• •te•y imiytzant ti compare tVe above 1i-t with the tkube
+ es ' t mhnirnr (yage 6). The co

7i atpr . A %ein and an ores or concentrateks
contaiit the highest of- ;e-id•rt; neSrsim l , o .ieste isources are

presently being worked. Froin px.sent estimates 4,i potential production,
th- United Statca probably hau the best risource&4 .oi best potentital pro-

duc4tion.

EXTRACTION

Numerous methodb have been published and/or paterted for the
separation, concentration, and ultimate recovery of rhenium salts or metal
from the ores in which it occurs. Some of these processes seem to be too

complicated for other than inacrolaboratory production, while others, such
as that of Feit(56 ), are aimed directly at full-scale industrial recovery. All
of these methods depend upon certain of the characteristic properties of
rhenium and its compounds. Some of these properties are listed below.

A. Insolubility of rhenium disulfide.
B. High volatility of rhenium heptoxide.
C. High solubility of rhenium heptoxide.
D. Temperature dependence of the solubility of potassium perrhenate.

Whatever the initial steps in the recovery process, the last step in-
volves conversion of some rhenium compound into mietallic rhenium either
as a powder or in a consolidated form. These reduction processes are dis-
cussed at the end of this section, following presentation of the methods for
separation of rhenium salts.

The Noddack Processes

The first process developed by the Noddacks(57) was that used in
theeir original detection of rheniurn, Starting with platinum ores, they dis-

aolved the ore in aqus regia, evaporated the soeution, and then ýignited the
residue, The a qua rcria ansolzbies were chlorinated and reduced. This
prýoduct, as 1xnned with thc bulutiun resqiat, anid boLh +wevre h4eatd in uxy-

A _j'

.exanination (tir chz•raz;tezis-:; ?eýtrnoi li•ns followved.
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Note: Soviet pfoduction is notknomand not indicated above. It may
be an tt*e order of tons per yter (see text).

FIGURE 2. KNOWN PRODUCTION OF RHENIUM
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n-)~&Žt ~ i~ic~k aitd it'he r-valybdell-a~l se pwaiaed by
n~erravw M'~r..nr~mniukni p;hctphiontyb~atc. This process was repeated

• i.. 455 0nVi. ISM [Huh i'i I k' V-4 n U i he rhenia"ur
wats then coure.:i01tatcd wPi It! nickel, :C4'Ttpcr, ' * I r oot, platInum, WingR-
ditun. w MI4, n'trlittuw ot.olybdecýutn, 0ll RLt'4 , N i -k;clI coabalt.
,-copxpcr ad iron were next ie*parated hy a hydrogtit rr•dt•, lion. Re-soluion,

r"tpwlpitatknk, •;nd reducth, , occurred. Rhenium wa.n cnverted to the
oxide and sublimed. Water solution of the oxide and purification followed.
The final reduction produced the metal. The proceas was long and compli-
cated, as many of the stepa hi4d io be done over ;mI over, This process in
probably not suitable to large-scale commercial production.

One patent(6") suggested a practical selective crystallization method,
whereby acid solutions of rhenium salts were evaporated with other metal
salts. If the first settling salts were removed, the liquid wus Lhen found to
be enriched in rhenium. Another rnethod( 6 3) was suggested for separation
of rhenium from residues (probably from the Mansfeld copper schist). So-
lution in nitric acid was followed by chlorination and then acid precipitation
of the sulfide. The precipitate was cleaned extensively and finally converted
to a solution of perrhenate ion. Potassium perrhenatc is insoluble in po-
tassium Fydroxide solution, so by this action crystalline putassiumn pcrrhenate
was separated.

The Feit Process

The Feit process(5 6 , 64, 65) was probably the most important develop-
ment in rhenium recovery until very recent years. It wat used for German
production of rhenium from a complex sulfide slime, the by-product from
refinement oi Mansfeld copper schist. The method was cheap and relatively
simplit Slime was extracted with water, to which was added ammonium
sulfate, Copper, nickel, and zinc were precipitated as double ammonium
sulfates. These were removed and more ammonium sulfate precipitated
complex compounds of molybdenum, vanadium-i, and phosphorous. The
addition of potassium chloride to the filtrate formed crystals of crcude
potassium perrhenate. Several recrystallizations produced a pure product.
Reduction of the perrhenate at red heat produced impure rhenium metal,
which was purified by leachings with water.

Fe.it alo extracted r'hen4v.*rn from inolybdeniuv Digs. (4) In o-ne rmetbod,
dhe pulverized pig* weree treited with cold vulfuaric acid iii i nianner which

c-gtet•hci titiI, oij± pig werc npel:ed Wltl 6cdilUra Saitatie aO t-at rheat r.:i and
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.reit' .3 pr°ce..•,nes have prob hahly been considerably viodified(6 8 ), but
tvnir •s., cuitiniued in Gecrmany at Jeo:si until 1946. (h)

TLeig Process

The first .merican patent on commercial productio, was obtained by
,F, Dri(ge, k69) His procedure was based on the theory that if reducing
age:tb such as suliur and phosphorus were removed fron1 a rhenium source,
oxidation of the rhenium to higher o>':Idea wouid be simplified. The higher
oxide, ReO?7 , wasn then volatilized, recovered, purified, and reduced to
the rnetal., Most of the action occurred in a roasting step, where niter cake:
(N•HS0 4 ) wAr& ai ld to insure formation of Re 2 1O7 . The process is shown
in a flow she. 'igure 3.

Russiani Processes

The first Rurelian work an recovery was a liaboratwry method de-
veloped by Kronman; biblkovaý and Aksenova(7tO) in 193J, Molybdenits wiat
dissolvod In nitric acid, the solution diluted, and molybdenum trioxide
filtered cut. The filtrate was distilled with earboiA di•xide and t-hM "hydro-
chlouie Acid to re-move interfering elements, Sulfides of rhenium and
molybdenum wera precipitated with hydrogen mulfida from acid solution,

64 -Asm &wea fl C .i o M."Aw- with hAvrlr xvfjuiriohng.
Rhenium wai again precipitated, but by nitron as nito:n per~honats. Nitrion
is a common reagent for this task.

Industrial production evidently beg•an when the Balkh•ah works in
Srefininig .....ybdtn m. ..... ~ ,..... for the preatcce oýf

rhenium. Ahmaum was being lost through ths etack during rosastin of
,l:bden n , (k) In 1936, wool bags placed in the st•ark to trap the flue
Au4-W-a wn to rap~ J-om Oskin, aAin*X; In 116 It was realised

that rhonlurn was preptat ir. cnimidrably highar quxantlatims than prev-ious'ly
elatimatedo and Btpno(9 recommended cormiance-hnint of & rhernlum-

a ~ ~EL! C. ""l~o t h~k k n~ri
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st~J~ iltcyr. rctaincd o-.er 5.C) pc,. ccrnt of the metal. If the flue gases
were %;,r,"LAcJ in. a !3cruLLbJ u 6) ! pcr ctrit of the rhenium was saved, A.
combinatioua scrubber and el-ctvofilhtr e' .ain ~ Tht90 Ier cent. It is
probal-I OhaL thte Russians are n~ow producing. rheiiiur.n at this plant.

The Tennessee Process

Rhenium was supplicd to the United States by the A. D). McKay
Company of New York 2 prior to World War 11. This was a German product,
and when war intervened, further procurement was blocked. The University
of Tennessee had been conducting research on rhenium and, with their sup-
ply cut off, began experimentation to produce irheriuii- fromn domestic sources.
Melaver, and Bacon(72) then paten-ted a process for rhenium recovery from
flue dust. The process is currently being used there(33), and the rhenium
is sold commercially.

A flow shr-et (Figure 4) illustrates this process. Rhenium-bearing
flue dust, product of a roasting operation, is received at the University.
It contains molybdenumn and rheniumn oxides and molybdenum sulfide. The
concentrate in mixed with water and filtered. The soluble rheni-mm heptoxlde
is thus removed from the other more insoluble factions. The filtrate is
p-imped to a mixing vat and molid potassium chloride added. This precipi-
tates crude psrrhenate which Is subsequently purified. The process is
straightforward and simple,

French Processes

Several patent* appeared in 1950-51 on French work with rhenium,
All deal with the separation of rhenium fropmr molybdenite ard involve in-
teresting processes. The first of these( 7 3 I requi red dissolution of the
molybdenite in acid or alkaline aqueous solution and adjustment of the pH
to 8 or 9. Then a solution of kMR+ warn added, where:

M n N, P) As., or Sb
R. n hydrocarbon radical, such as phenyl

A chloroform solution of tetraphenylarsoniurn chloride is an example, The
chlorofoxm solvated the perrhenate and the aqueous solution was removed.
Then 12N hydrochloric acid was added (alone, or with reducing agents,, or
0. iN perchiorate solution' to the ch~lzraform aclution. Rhenium pApsed
into the aqueous layer, which was distilled until the rhenium. started to
come over. The residual solution was processed to yield rhenium metal.

Bertolus- 2 de'veloped a pruccn* which~ raep=4te r~enan .rornr
rnolybdenurn by fractional volatli~zation of the o~ides. Capper 3uiiide ore

B~ATTELLE 1 K M 0 RI AL I N T iTU T E
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FIGURE 4, TENNESSEE PROCESS FOR THE RECOVERY OF RHENIUM
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1:0u toU~$ 1:.ý-UULY Dats ol rhcniurll. ± ijtCii~ ~s

alf tti(50 Lo3 6, NWhrin &,,ffur In th itnctrntratc !Aart~i~ ii oirkdize, th("

lora-ned. This war ailonwPet to 'aii~ '~j ntb~i~~ Or F~c CU-~

7vt7 f- rý-ý-et ~ ~nr~f the ~y~ii~~~d~ ~ g;ý6s

cycie-1.C This process is simple and crrntinu~oti; it 'is probably
ic present IFrench productian ei rheaiui-.

lor-Exchanle earation

Very recently, Fisher and Melochc(76) have reported oti the ion-
exchange techlnique as applAied to the separation of rheniumn from rnol~ybdernite,
They stated that in 1947 Alexandef , at the University of Wisconzin, 2Ecarated
rhenium anid miolylb-dnurn as perrhenatc and molybdate, using the anion-
exchange resin Amnberlite lR-4B at a pH -of 4. 8. The columnn was elutriated
of the mnolybdate with buffered sodiurn hydroxide.

Fisher and Meloche continued this work, but decided to use Amberlite
11RA-400, an exchange resin with greater basicity than the IR-4B. A so-
lution of perrhenate and rnolybdate (ratio 1:3000) plus 10 per cent sodium.
hydroxide was paused through an exchange. column containing the Axybr-hrite
lIRA-400. Cme hundred + 0., 5 per cent of the molybdate was recovered in
the effluent. The perrh-ena~te remained in the resin. The columnn was
washed with water, dilute hydrochloric acid, and final~ly 7-8 N acid. This

rc.~even 990 -& -A Per -e!'t- nf then available perrbenate in a concentrated state
w!z-,1rh was easily converted to a useful crystalline compound.

The process is excellent, but obvioualy exper-sive and definitely time
consuming. Thirty hours actual running time were required, Ion exchange,
however, is a growing field, and this process achieves a truly complete
separation of these difficult -to- separate components. Further devexupuiu
may make this process economically feasible.

Miscellasneos MWthaod

11t warn early suggested(77) that a low-temperatu.re roast oi copper
schist residues containing malybdauit* would wllow il*&liig ou~t of the
rherdlum as patac:iumn perrhenate. Thide is samew"Uat aaloguus to the
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VX t wili Le noW.1 in ihe analvtici-t chrxni:iry scetinu 0i thvis aepirt. i
has Ipetei kno~wn >or Mor tinw!!! that if precipit)tion .i" rhc.ini --uhidc 1i.....
anl a:-ka-lnr i;ulutnlup Cui b0UIc elrr- I Iaa~."

it re.tttivrtly simple. Molybdenum sulfidc is flily ,-;o••ii.e ini alkalinie so-
tlotioin• as is usually -Athenium sulfide- Howrg.-Pr_ Vniyt(79) fiiinrl ti.-t if in
alkalýine solution contalinig Iul-y •1ideltuii ad 1:hexiiorn suuiide q (Saturated
w±.nLydrcgeii sulfide}l wre cooled below -5 v., rheniun suide would

precipitate leaving the molybdenumn in solution. Chis was applied to re-
c-o'-e•y of 3 -- -I :± Xurnacc pig.

Hixson and Ma"r(') used organic solvents to recover metal values,
such as rhenium, fruin their zompounds by interrelated cycles. The
rhenium-rich 4a.oe or tailings were dissolved in acid, The metal valec-"
was adjusted to allow future solubility in some organic solvent, but the
rhenium radical was kept in combination with the elemrents originally
present; i,e. , still in aqueous solution, The impure aqueous solution was
extracted by a hydrophobic seAective organic solvent, and the solvent so-
lution was then re-extracted with water.

Rhenium present in smelting residues and ;n,!!c dust, in Japan, (81)
can be leached out with water after a sulfuric acid treatment. Also pner-
rhenic acid in sulfuric acid solution(8Z) may be bcparated from molybdic
acid by adaorption on Norit (vegetable char) which adsorbs molybdic acid
more slowly than perrhenic acid. Evidently this method has not been
attempted commercially.

REDUCTION TO METAL

Numerous methods have been reported for the reduction of rhenium
compounds to metal. The methods nearly alwRys yield the metal in a
powdered form.

Reduction of Heated Oxideu by Hydrogen

The most commor, oxide, rhenium heptoxide, can be reduced by
hydrogen(83), but with some difficulty as the heptoxide is !!o highly volatile.
The initial reduction temperature is ulijtr.iy above 100 G, where the re-
djut;•uf occ- In utcvtrii "agc. Th• )CiAOW3nh heptoxide changes to
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gre .al, bt-u, tOen Id-uc-L oxides betor• 'he giay vih -ictal lowdcr a•.us.
;, •:.B4)e~t' e:• t!U'T w1bfl •h' rb.r1• r22:1n .nn -!: -'7:1ud• .•ts~t• •-r •e•:!,edra

4,u4L'1' trrnperature shoitir he~ rame ton eihv to (04kii- th )Piet. II

Powell(6--) recukntnelnds -eduction of the heal.s.uh/id• cts the best

is sa&turated w~iih ýiycirogeý% sidlilie, poohwbring tht- l~tasuffidle. This i!3

introduced into ihe reduction tube wet to prevent oxidation. The hepta-
ý-v.fidc is nn-l0tile r r•cdues easily in hydrngen at a red heat, although

so-me svlfur is retained iii the metal. This is rernoved by continued high.-

termpey'ature Iitti-,'_~kO3 ±,

Reduction of Heated Hai-des and Oxvhalides by Hydraken

According to Druce(84), hot hydrogen will reduce rhenium halides at

^bout 250 to 300 C according to the equation:

zReCl 3 + 3H? W 2Re + 6-lC1

The inference is that the oxyhalides may also be reduced in this mariner,
although no further details are presented.

Reduction of Heated Perrhenates by1I 2•n

The most common methods for preparation of rhea'umn powder are by
the reduction of either potassium or amrmonium perrhenate.

Potassium perrhenate is reduced with hydrogen(83) at a fairly low

removed by leaching with & ater. Repeated reductioni arnd leachings are

usually carried out for two or three cycles. Melaven' 3 3 ) reduces the po-

tassium perrhenate at 300 C under 3000 psi in a silver-lined bomb. The

reaction(84) is:

ZKReO 4 + 7H? n 2KOH + ZR. + 6H 2O0

Unfort--•ately, complete leaching of the hydroxide is difficult if not im-

possible, and potasslium perrhenate-prepared metal usua.ll posseoses

some occluded KO (around 0. 5 per cent).
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Atnxot.iut- pez ~rhaaie- car- uiqo he itu~ o the yllctai in a ýmia

! hklavwtx. iiest pro~duces thf, metal 1xcif, pot;?,5;-r iipetrrhoair(a

tf.ý,h the so : i~tov, ~~i ~ ~ v

r-irixo perr'heiiýwt. (L6) T'hi'q g~ salt jlf th,ý -dvt;0-1- thfrd j cfz-n ~d
he rfdnced tv recover the rhenium content. Aftcr ai azialyz.is, the precqpi-
rate is heatedi in a current oi hydrogen a~here it xn~e1t3 awld bro aks do-wuj Vý,)

Alcaiu eiraYeiawcr the organiic_ comnponents and the resultant -xnass
is ayain hydrogen reduced tt& produce at pure product.

Elcrolysisof Aqeous Soluti un s

Several Puth~ors. prb~icipally THdieranar 8 71), Fink and IDeren(83), and
Netherton Ana' HiOU0(91have" electrolyzed acid, alkaline9 and neutral bathe
to give precipitates or plates of rheniurn metal. Their work is discussed
below under Electrod.eposition.

Thermial Dissociation

The first vapor deposition of rhenium warn accomplished by the
Noddacks(37j. 910) who heated a 0. 02-mm platinum wire ele~ctrically in an
atmnosphere ot rhenium chloride (valence not mnentioned) at 1200 to 1400 C.
The chloride dissociated on the hot wire surface and deposited rheniumn on
the wire. Agte, Moers, et al. (91P 91IA), used the same process, but de-
posited rheniumn on a 0. 03-mm tungsten wire at higher than 1800 G.

Chlorine freed by these reactions(92) will reassociate with a source
of rhenium in the system and act as a carrier, continually depositing
rhenium on the wire, until all the rheniumn is exhausted. Eventually, a
rhenium rod or wire with a tungsten (or piatinum) core is prepared. This
process is important in the manufacture of lamp filaments,, for which
several patents have been drawn.

The Thermite Reaction

The therrnite reaction, so well known with iron oxide and aluminum
powder., can also be performed witfi rhenium dioxide and aluminum. (93)
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Tbh_ý -_,eactio_.i is:

.- iui which, of coursc, i,,ubL tlii le separated
irurn the ahxrniar-n oxide, a step which probablv precludes this reduction

rncthod ftcvn cvoer acciiii'iu., niii\ c~onme relal iillportim~cc.

CONbOL)AT iON AND FABRICATION

Except for the vapor-deposition processes, all of the above reduction
rnethods result in a rhenium product in powder form. The powder roust be

consolidated hito a useable mYani.ve state; even the vapor-deposited mnetal

s.hould be _further consolidated before a sound structure is realized. The
......• wi•ng proce.d.ire" -light be used for tbis purpose.

Electric-Arc Melting

It is believed that rhenium powder or sections cut from a crystal bar

can be fused by arc melting with inert electrodes in a water-cooled copper

crucible or hearth. This melting method is being used extensively for
producing ingots of molybdenurnx titanium, and zirconium. If it can be
applied to the production of rhenium ingots suitable for fabrication. it
would simplify the consolidation problem considerably.

Sintering

Rhenium powder has been pressed into bars and electrically sintered

in hydrogen at 1000 C by the Noddacks 37)

A more complete description of sintering processes is given in Agte t s
paper. (91, 94) Powder from the Siemens and Halske Company, possessing

a high volume and deep-black color, was pressed at 2000 kg/crnZ into a

3 x 3 x 40-mm rod. Presintering was carried out in dry hydrogen in a

tube furnace where the rod was heated only to 50 C. It achieved sufficient

strength so that a hole for melting point determination could be bored with

a steel drill without crumbling of the bar. The rod was then sintered at

1000 C in hydrogen where it became very hard and dense, possessing a
platiurn-like glaze. No infouration on sintering time or current was

reported.
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Method!; for sintering of rhenium akiyz havw beet 1xxuwOiiled Al patelA
literature by iKurtis anf Witjia- (.. 9"I. wh, Pec-mr.ln:.lw' a sintering rangte

of 150b k !8"I' C liadtte fl-k y hydrogcn.

W orkab,-

[alAgtc, et al. (9X!, ,. ouud th.Rt rheniumn sintc? ed at "moderate" tem-

pel-atures iL Inittle :At rooni tnp i-tuv•.. owevei itcring is car>-

ried out close to the melting point, a certain cold ductility is exhibited in a
c~prei~o test (liberal translation of " Zerkleiteriungsverst ich" gives

"crushing'" test, which .nay mean size reduction iII a device such as a

n-achini.t' r vise). High.-ternperature-siuttere.d rleuimni can be worked at

"high temperatures". Forging can be accomplished (in several stages) at

about 800 C, and forging and rolling can be carried out at "high tempera-

ture-S1.

The sintere:d material behaves differently than vapor-depusited rods,

which. weu.e clescribed as very soft and pliable, akint to copper. These were

.coiled, bent, drawn, rolled, etc. , but only in small steps. The strength
increases during these manipulations.

Bridgman(97) reported that rhenium sheared quietly when subjected

simultaneously to high shearing stress and high hydrostatic pressure.

Many substances explode under this treatment.

PHYSICAL PROPERTIES

The physical properties of rhenium have been grouped under three

major headings: Physical Constants, Spectra of Rhenium, and Nuclear
Properties.

Physical Constants

Atomic Weight

Rhendium' a position in the periodic table between the Elements tungsten
(at, weight 183. 92) and osmium (,90. 2), obviously places its weight between

these two values. Loring(98) first sugVested an approximation of 187 for

the atomic weight, and then Waahburn199) calculated 187. 4, a value later

shown to b- slightly high. From the specific heat(100), the atomic weight
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reui f,1-f r7h'c I umT d sii3 ! U; e 11 iby t
u~iztg , to~ sitn 8, i t (
and `.id IP- ± 0, 2.., but theý,t v alle-

were Aso high due to incounpletk dctit f th- •! ! b, ,tinuil;ido.

bromri-.de by a p-nstrkina nr.edure, The perrhenaic was prepared in a

V.r & iscaodiit 3 a ! n '.i V d;'-tiht 2 im-sgave a result
1s4. 31 ± (1, OcT Chic; ba. :c.tz , hy thc ic r.;n;, Atr'cnic We.ight Corn-

mission in 1931(1-4" , and h.-3 not been challenger! since, although Aston(!05)

. , lIe 185 , ic 187 ' The value 186. 31 ± 0. CZ is the accepted one.

A Re. "". 01 .1,_

Rhenium was found to possess a hexagonal close-packed structure by
both Goldschrn-idt(106, 107) and Agta(9l 1,94), They disagreed on lattice

costants, so other investigators also made meaLurezexnts. Results of
these measurenments and the calculations of atomic radius and volume are
shown in TabJe 2. The values of atomic radii fall approximately between
those of tungsten and nesmium, as would be expected from the periodic
position of rhenium. The lattice constants calculated by Moeller and by
Stenael and Wcertz seem to be based on purer material than that of Agte
or Goldschmidt, as molybdtnum would interfere with this type of data more

than potassium. Furthermore, the two values agre . quite closely, so the
results of Stenzel and Weertz are recommended as probably the more ac-

c Ur ate.

TABLE 2. LATTICE CONSTANTS, ATOMIC RADIUS, AND ATOMIC
VOLUME OF THE RHINIUM ATOM

Lattice Conrau.. Atomic Atomic
a, c, Radius. Volume,

In-vestigator Year A A c/a A A3 Remarks

Gold9chmidt 1929 2,752 4.448 1.616 1.371 0. 3% Mo
Agte, etal. !191 2.766 4.470 1.616 1.382 0. 3% W
Moeller( 1 08 ) 1931 2,755 4.460 1.615 1.3780 0. 5% K20
Stenzel and Weertz(1 0 9) 1933 2. 7653 4. 4493 1,6148 1. 31777*
Blitz and u•swl(1 1 0 ) 1931

The attiee coas!Ant5 (a) ate zc',taste to ±0. 001 A except tho,e found by St"nzel and Weertz. which are
claimed ro be srcurate. to ±0. 01%.

OCalculated by the writer
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3y I'll-, t of a ftcw rhenriui-hi ci,,puuds have been e -

S1 '.typPe an di r lr!T'ýOf-"ý r" vbich a-70 iii. Ta~ 9i Lliij
%.hemicRI Prope.ltie section of t01b r-.port.

Usiug the. atomic weight f ,nnd I,;, the Nodd'aý( 0k), Go!rsc..xidt( 06•
107) calculated the density of metallic rhenium a. 3 i (containing 0. 3 per

cclit rnJydnmTjiiwa jIitt~ to ?. 1. 40 +060' t-i pure rheniumn.1 .. . .. . .. . . 1-. - f .. ý .- , - _ . '- - - ;;A ; -G

calculation; as a result, Agit(9 1* 94) Cah ulated 20.53 f i un the presently
accepted atomic weight of 186. 31. Experimentally, he found a value of
20.9 for annealed rod. Agte' r calculatcd value J,; :-cccptcd today.

The densities of numerous rheniurn comnpountds are recorded in Table

9 of the Chemical Properties section.

MY !tinRPoint

The melting point of rheniunm has, more than any uther, stirred the
imagination of scientists. Rhenium has a very high melting point, second
only to tungsten. Agte and co-workers(91, 94) used the drilled-hole method
(in an argon atmosphere) to find a value of 3440 * 60 K. Their rhenium was

procured from I. and W. Noddack, and contained only 0. 01 per cent im-
purities. Shortly thereafter, Jaeger and Rosenbohm(I00) reported 3160 C.
Within the limits of accuracy at such high temperatures, the values are

identical. 3440 K is the most commonly used value in the literature. Melt-
ing points for tungsten and rhenium on three temperature scales may be

tabulated:

Melting Point

Metal C K F
Tungsten 1 T1 1 ) 3380 3653 6110
Rhenium 3170 * 60 3440 + 65 5740 ± 110

Boiling Point

The boiling point of very high melting metals is difficult to determine,

but Richardson(fI12) estimated by spectroscopic techniques that carbon-
saturated rhenium (rheniun takes up little carbon) boils at approximately

5900 G. Tungsten boils somewhere in this neighborhood; one source(1 13)

listed 5930 C. Thus, the be-ling point of rhenium is one of the highenst

known.
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"1!11- . iignific -1V of those three vaiuncs is "16. 4 1-c, wu ie ihte a .tt...s fcwnd

C ,.. ly ilcving Taini.i.z o Toh,- value to-" ReO2 C 3 i`! considered inaccurate,

c~ise "t gave a Poorl.y defined -iniscus, evern through 78. 9 ir c t-'er to th..t

predicated on the basis of the parachors of tungsten arid osmium.

5j-ccfic H-eat

The Spcifit; heat was nieastired.by Jaegc aniad Row.eiLbohm(100) in a

metal calorimeter, from 0 to 1200 G. The val ie at t degrees may be cal-

cuiated from the equation:

p w 0, 03ZS6 + 0. '6Z5 x 10-St cal/g/C.

A mean value for 0 to Z0 t is given as 0. 03262 cal/g/C.

According to a basic relationship revealed by Dulong and Petits the
product of the saturation value of the specific heat and the atomic weight
for a metal is 3•, whez- R is the gas constant (Z cal per deg). This value
is not adhered to by al meitali, particularly at elevate4 teMp srtures. For
rheniumý 3R is surpassae at -66 C. A value oi 0. 0346 101,115') /
has also been reportedp but Jaeger and Rosenbohm' a work appea:r to be
tb* most Complate and accurate.

The iinear thermal expanuion of close-packed hexagonal rhenium was

determined by Ste, at &1. (91# 94) Masurements were taken at room tern-

perature and 1917 C by X-ray mnethods. There was no variation with tern-

pepature and the t-&xia that va. th T-! l-

- '..-. rt-÷

4, [.1 2 7 4 5 , 10 .. ,
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;i tice i' hie linear ,_ d •.ion etf glass is lttut 9. 0 !0 ( , 6 it should

pl-ct ifi' Ite A' ic;l ( 1 *

Thr' 2~'tI~n.e.'~i~'r' '-ItVitV of, ~--liiitl hi-,hl'irn
60y .i he I. I • 10' ,'. .n (± a17 p0'1 ce t), for

bo.th vapor - dcrpwoitcd and 'i i'.i 'v wirc 'The -wi .. 1, I 00 pei' cent dense
C'L,, ,,, .. I hi, i v th - J.].e A ',:'-lci, 1'd i,,, , T. The te.-npera-

LI* t.L* i :i.1 IL -J± - - t1 'V CL .... . ..... . JO - 1 itb g aL ,j t •,ii vi u

3, 11 !. 10 Ot)her values of the r-e:istivity, 1 , atid the tcmperLature co.-

fficient of resistance determined by Agte and also by Meissner and Voigt(1 17)

arc fouuid in Table 3. The ivtinperaturc range, covered is from -271. 64 to
"2710 C. The resizAivAy of rhenium is approximately four times that of
tungsteli at 'iuoin ternperatuvce and 1. '" that of tungsten at 2500 C, This value
falls between those for lead and strontit'm.

.TABLEF 3, THE SPECIFiC ELEC'.TRjICAL RESISTANCE' OF
RHENIUM AT VARIOUS TEMPERATURES*

Resistivity, p, ohn-crn Temperature Coefficient
After After of Resistivity From

Temperature, Meisuner Agte, 20 C c I

C and Voigt et al, After Agte, et al.

-271,64 2, 06 x 10-i6

-268. 78 2. 08 x 10-6

-2521 _ 2, 08 x 10-6

-194.71 4. 68 x 10-6 --
-190 -- 4. 94 x 10-6 3. 65 x 10-3

-184,77 5.39 x 10-6 --

-30 15.4 x 10-6 3. 35 x 10-3

0 -- 19,8 x 10-6 3. 11 x 10- 3

0. 16 18.9 x 10-V --

O 1.- 1 x 10" 6  3. 11 x lo0 3

100 -Z6.l x 10-6 3. 11 x lo-3

2130 125 x 10- 6  2.23 x 10-3

2420 130 x 10- 6  2. 14 x 10-3

2710 134 x 1M-0 198 x 10-3

Tg-m•Ht fwrn 6114 of A,"gr -t al. (9i, 94), and Mef!m-e and V010g(0l Tr 0other romnp!i.nv.,_ may be fouid
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Vw = true temperature,

"TS = brightness temperature,

, = 0, 650 micron.

C2 = 14, 330, a universal constant for radiation processes.

The value of A A was found to be 0.42.

Levi and Esperson(I19) reported a value of A, = 0.366. The black-

body ter-1perture versus brightness temperature of a rhenium surface

(rhenium plated on tungsten) is shown in Figure 5, compared with tungsten

and molybdenum.

M•gnetic Constants

Rhenium was found to have a paramagnetism independent of tempera-

ture, in the early 1930' s. Numerous papers were published, of which a

brief Summation of the reported values follows:

Coefficient of Magnetism, Tetnlperature Ranges

Le ,te i EmaSM _ , cX , ,airs ., _ __,,

1931 Albrecht and Widekind(12 1) +0. 040 x 10""

1933 Pratmi,, Capatot and Kylkisd.(l2Ib,1l') 68, 7 x 110-8 go, -23, 7191

'93I4 Peikkis and CApto0 1 (12 4) ÷0. 046 x i0"0

40. 037K I 0•a

IIi4~i a•dw • raaka(, .0.309 x IO.'d

-- ý' T T L. L L CAI i "I U Pt I A ! I T U I.J ] t
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1%.'.rais and Cmipatos h,%ve doniit the orl•v extensive work in this fie&Ad, so it
r~-~mt ~ ~ r~t h;ir 1ateat va1Qre- are tnt~ x-inaft cor.O -Lc~

determinm-1 several ,'alues Lar the -, - • parar •reti n

0 . 04 X In_&{124)

x' = 0.049 -

Thus, it can be seen that the specific susceptibility for Re+7 is one-eighth
that of the pure metal, assuming the last value io nmost correct. RC+ 4 h!f
a variable paraxagnetism. (1z7) Numerous values have been calculated "or
rhenium compounds(128, Z9), the more important of which have been re-
corded in Table 9.

The magnetic moment of isotopes 7 5 Re¢18 and 7 5 Re 187 was first
calculated to be 3. 3 nuclear magnetons for both, but more recent work by
Alder and Yu(13 0) has pruduced these results:

IopMagtic Moment, nuclear ma netons
71Rel85 3. 1433 * 0.006

7 5 Re 18 7  3. 1755 * 0.006

This all supports the thesis that, for atomic nuclei with an odd number of
protons and an even number of neutrons, the moment is from 4.6 to 0. 1. (131)
Perakis, Karantassis, and Capatoa(127) fouyid the moment of Re+7 to be
3.83 Bohr magnetons, which agreed closely with 3. 87 Bohr magnetons
determined experimentally. From this was derived the above conclusion
that RC+ 4 has a variable paramagnetism.

Position in the Electromotive Series
TV 7 1cctrede ptenia- of rhenium(U-0) versus the normal calomel

electrode in ZN sulfuric acid is 0. 6 volt. This places rhenium between
copper and thallium in the electromotive series, a mildly noble position.

jAtrtfa Rhenium

The 9•)icai 8•ct•ir

Z7 a-u sp~ctvuti ~tif hri co-trnncnced abu-!A 1931
- tn =vral ivt, 123, 1 ý .41 351 became inte-re - iv t -;-k i n
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So S-,1 rc-.~a .... 3003 iln•e£ i • ,.csue-•,-ent3 ta 'Kn

A .. .. . .n . 'r ttne t•rn•t nt of tbCb!e lnues are recr.0VdeL
m Ta~e P ~P e4ort-~ 1I~ 2Asw~n &.jy~tcJtat at ±eatit 25 per C-,nt

oxý the, linei hyPer±-',1ine -ftr.'tnrr, For instzrnce, the strongest line,
15K'; Aa, Lr c m..-nen- -Ann Ovi- irie

an a • of tths of thee six coin-poa nnts. This type of struc-
S!- 'i• Iiure o. where- the I iavlcgthz o± the si: cn•ir•-n r.t

also recorded. 500 of tl e lines showed an intensity grealer than Z) on a
1-to-2000 .ca1~:. These were classified as a coxnibination of 115 levels,
belonging to quartet, sextet, and octet systems, Iveggers found the ioniza-
tion potenitial to Le 7. 85 voltf.

TABLE 4. 14AJOR LINES IN THE OPTICAL SPECTRUM
OF RHENIUM

Wavelength, Angstroms Reiative Intensity Remarks

3460.47 600 Raie ultime
3464.46 400
4513.31 300
4869. 15* 2000 Strongest, blue
SZ70.98* 400 Green
5275.57* 1000 Green
5834.31

*uongest in the visible specaum

Meggers(138) later explored the infrared region to 11,000 A, and
other invvit4atcrz(139q 140, 141i) -,,nlmented his work. Kina(1 4 2) ob-
served furnace spectra of tungsten and rhenium and concluded that all of
the rhenium. lines originated in the lowest energy level of the atom,. These
arc spectra ar-e usd-u! for quantiwative anlysý/j3r.Aithough rkniurn content
must be less than I per cent, PilL de Rubies deterringd the numbers

oi yu tt~~niU~t.'~ an'~.* c te r c 5 X io0 10 10-7,an
10-6 R.henium in m-aterials *uch as calcite and molybdenite concentrates

*......'r : "2 " "ftdLCZAO,&0z to I per cent by using the intensity of uines
Z!51 1 246W0,47, 5;t 4;4.7z` 4.0' u~g~~ n~-te t p to 16 to

Z., but -;V3~A !I~Ti
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FIGURE 6e HYPERWINE STRUCTUJRE OF T14E LINE 4889 A

Meggeris From Noddack anid Noddack(37')

Engilerann( 145) studied spectral distributionk curves, and frorn these
caluclated pbotoelectric thresholds,

Material wavelength Remarks

Rheniurn block 2677 A Not ini -acutim

Precipitated Re 2671 Not in vacuum

RIherium wir~e 2830 Partial vacuum

Rhenium 27,99 Calculated by Fowler theory

Rhenium 2480 Probably best value for completely
nutgassed c~ondit~ion

Rheitium 248? Corv--pcfrds to exit energ-y

Thzr the o~ptical of~ YJritn-.-ir h)-iz hendit rmne fvz abrout
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...." -Y':•'fr"e 3n-ztrumental in the isolation of rheniu•rn(i Z, 3, 5, m4)
and as a 1:eut inform.- tion on the spectrum of rhenium was available at -n
early da The princigai X-ray lines are reported in Table 5. The w•ork
Gf oz.rlv ~ ~ chiEck by Gauchuis(149, 150, 151) who has done
c'niten::, ve work in this fiel! determiroiug smine of the Ieas comlmon rhenitiýn
liner. -15 , ' ) Oti:her -tUildib M1 llfxw M MkItur -, y lis have been cozm-
pitted j j 14,. () (, 54 r ;-:A. I, -nty I stam ( 5l )
(i-seri."), oand Klinke.ibeig(V). ink berg not. that the 6s electron
i,; nroc- tightly bound than the bd clctron.

TABLF 6. PRIN(iPAI. X-RAY SPECTRUM LINES OF RUENIUM

________-ý Lne in nsrn _ __

Dol~eJZk Berg Lnd Tacke WetInEdRf HeIurhe Cauchois
Line 1926(14) 1926(101) 1928(146) 1928(147, :48) 1936.-7(149, 150)

L 1430 1429. 9 1429.91 1429. 8 1429. 97
1

1a - 1440.7 1441. 0 1440. / 1440.96
2

L a1263.3 1235.2 1238. 03 1236.9 1236. 92

L '12,1204.3 1204.8 1204. 08 1203.8 1204. 16

L- (1216) - 1217.6 1217.81

L 1256.3 M6e. 60
4

Lp 06 1174.7 11174.80

L - -1248.1 1248.46

L -7 1183.3 1183.71
7

L 1190. 0

L -- 1162.4 1162.48

Lo 1169.8 1169.74

L-3 - 1206. 7 1205.71

L y 1059 1058.7

L - 1029.8 1030.25"V
'2

L - 1023.5 1024.06
Y 3

L 1•034.3 1034. W

ES A T T E 1!, . F 1; i e- t t I A L I iq S T I T I II E.
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9! 2. 72ý7 . 691

"rh,.e±:. methods wer-e usedI the transition method uf K ~isiter, Jhw- t.d l -'

filter nuth, ,f' ;oll 11 1ho triplc filfer nlethod of Wollar.

Te 1•absorption liM-it for rhenium wa niBted as 173. 5 A by
• d-) andi W,,em~rigf(3 0 This was recently veviAsed to 172.66 A by

Manescu. (159) Slve, kys -• have found the L-absorption Himits; iktil:

_•_,_'he(18) A1A, AtiCjr(14@O,.A60) •.Cauc011s{149) IAMI.•ým6l1)

i.j 98L9.1 9R7,3 987.52

L11- 3.5. 4 104. 13

L.--wihLtc tay 0W . 0 - 1034.33

Lil 1175.5 1174.63 1174.6.1

,111--whitc ray )'.c 8 1172. q 1174.05 1174.05

Manescu(161) also studied and recorded the ab.•orptiou- edges for the
double hydrate of rheniuin dioxide and for potassium perrhenate. A high-
transtrmission region, a, and a luw-triansmision reg;on, fl, were found.

Nuclear Properties

Nuclear Momnent

The nuclear moment of both naturally occurring isotopes of rhenium,

7 5 Re 1 8 5 and 7 5 Re 1 8 7 , is 5/Z.(105, 16Z) It was noted in the Optical Spectrum

section that many of the rhenium lines are hyperfine. The hyperfine lines,
if resolved, show "Flag" patterns caused by a dirrinishing of iMtensities
from one side to the other. Since this "Fla " effect i f regular, both iso-
topes must have the same moment, 5/z.(16•, 164,165) This is character-
istic of atoms with two isotopes, of odd atomic number, and odd atomic
weight(166), and was verified by Schmidt, who also found that i = 3. 3

Kernmagnetons for 7 5 Re1 85 , 187. Schiller and Korshing(167) found that an
addition of Z neutrons to the nucleus Re185 -4 Re 187) increased the ratio

of the magnetic moment to the atomic •uinber by 1. 0108. This addition(1 6 8)

produced only a small ch*age in the. m•avgnetic mooment (about I per cent),
which is characteristic of other elements similar to rhenium, such as

thallium and copper. Because of the production of a minimum change, the

heavier isotope has the greater magnetic moment. These authors also

found marked deviation from the interval rule in the term fine s9ructure

which allowea caiculation uW the - u drapoie nomnent: +?.. 6 x 10 for the

LS coupling (verified by Solomonl169)), This implies a lengthened nucleus.

introduction of the two neutrons also alters the quadrupole moment (a few

per cent) but in the opposite direction from the magnetic moment, The
lsu•vpe displacements werie x&tut 6& ;. I.0-3 -m-1 with 7cRelR7, toward

.e~ .,( , --. arazed the •4forrynation as follows:
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(of Rhei-n

Natura!ly Occptrri4_tIaotones, It has been noted above that rhenium

has two naturally occurring isotopes, 7 5 Re 1 8 5 and 7 5 Re T!B7 these occur
in the ratio of 1 1. 62(105, r61) and the packing fraction is -1 + 2, identical
w~ith osmnium.

01 the iWo i4tOpe", 7 5 Rel"I is the more interesting. It is radio-
active and gives off a/f-particle. (42, 171, 172) Its haif-life was found to be
( 1) A. 104' y1r) by Na-drett and !,iIh*(171); this data was confirmed

and biroadened by Suga~lann and Richter 673) who stated that the half-lives
of 7 5 Re 18 7 cluster into two groups, 4 x 1012 and 6. 5 x 1012 yeaks. The
fl-range is 3. 5 mg of aluminum/sq cm, giving an upper energy limit of about
43 ekv. 7 5 Re1 8 7 also possesses a short-lived isomer, a comparatively
rare occurrerce among atomic nuclei. The isomer, 7 5 Rei87*, was found
by DeBenedetti and McGowan(174, 175) who assigned it a hal-life of 0. 65

6 second with an energy of 0. 62 rnev, They later(176) estimated the
half-life to be (2. 9 * 0. 6) x 10-7 second. Its existence was confirmed by
Bunyan, et al. (177), who found a half-life of (5. 26 * 0. I) x 10-7 second.

The isotopes of rhenium are also produced, of course, as decay
products r- 7 4 W1 8 5 and 74W 1 8 7. In fact, a study of the disintegration
of 24-hour 7 4 W 1 8 7 led to the discovery of 7 5 Re187*. (174) In general,
1 4 W 18 5 yields a 0. 55-mev p-particle when decaying to 75Re105. (178)

7 4 W 18 7 decays to 7 SRe 1 8 7 through emission of a 1. 4-mev p-particle, or
a complicated sexries of y,-ray emissions. (178, 179, 180)

Perlnman and Friedlander(18l) bombarded 7 5Re 1 8 7 with 100-mev and'U _%.....a VI 14(,. I 1 i l
50-rnev X-rays. Th-jfuth ,-'r4A vlavu to N 1 f.N3yil
as unity, to be 82. 5, 82. 0.

Artificial Isotopes of Rhenium. Numerous radioactive isotopes of
rheniuzn haVe Leen Pr" I... rt ic.-t7 Tho fi rt step in this direction
was b) Amaldi, D' Agostinoa, and Sige(182), who claimed neutron bom-
bardrnent produced a 37-hour period. This has not been found since, but
Ferni(i18 with the above itibors, f'und a balf-life of about 18 to 20 hours.
Thirwa, coJ iYTKaed(!84), ati. one of 85 hours was also found, Other in-
vestigators soon were working in this field, the>r wozk biAng slrnmarized

""b A I f" E L. L F -A E M I i - 1 1 1



It ,ark be cn iruii! dta table that aLout L--,'.- crtiflii:l isotopes of
-r I: 1 - ý , q

5.,Re I9 a h., has evjnenter en ,r-"i~yed ani -,iudiic tu 1 iited "clrc 1 i)

Of all thiese, 7-;Re" and 75Rt-. ave by far the most cornomr- and when
io emie d frcxw-i ii:-tzniunn oc0uýn in ct e.-i'c, prrtion to the n4tural abundance tof

In goneral, the preptaratin o.; th• tuowv i r•, ul rhiu1ii (-p5fe ....

-7 nd "?Re ,) h; been by botbardrc.nt ,,f tantalutm, tungsten, or
rhenium with 2O to 40-tnev - -artic:es Y, •-J .. ., R7.
i95,Z13), or 10-mev protons(I88, 195, 204, Z13). For example, Gile,
Gerrison, end lan-iilton( 1 7 9, 180) produced the follo,-ing reactions frorn

tungsten and tantalumn:

Ta1 8 1 (, n)Re 184 W 1Z (d, n)Re 183

Ta•8 (I Zn)Re 83 l1 8 3 (1, Zn)Re 1 83

Ta!8 (,, 5t•ReIa wl• (dn)R184

W 184 (d, Zn)Ks 184

W 182 (,pn)Re184

The common isotopas such a -Re 186 and 75Re 1 3 8 are producedb

ir'radiationi of henturn with X-rays(1 , o Plw and fast neuron

irrdiation ni cornpownds(1 9 4). or irradiation of some other rnetal(191). The
higher isotopes, 7 SR, 169 or 7sRe-91, are prepared by neutron or X-ray
irradiatioa of rhenium or some other neighboring element, (201, 20Z)

Other Nucloar Pro erties

Rhenium was found by Goldsmith and Rase.ti(Z15) to exhibit resonance

capture for neutrons of high energies (30 to 85 v). The capture cross section
for slow neutrons was calculated by Sinma and Yamasakt(216) who found a
cross-section value of- 85 x 10-- cm- ior 75"k,85A 623 %,0
for 7 5 Re 1 8 7 . The thermal-neutron cross section reported by the AEC in
84 barns per ato-n. (Z17) Soren, Friedlander, and Turkel(?,1) measured
theme properties of rheoalu powder as listed on Page 38. #5Re1 8 5 possessed
a large capture cross section according to Cork( 93) and also according to
Hibdon and Meuhlhaue('l9', who did further work on this subject. Harris,
et al. measured the neutron -absorption cross secticn for rhenium in
the neutron flux of the Argonwe heavy-water reactcor, and found the upile
to equal 120 barns. Pomerance'2 -4) detemliad ths Ee hcr=L neutrcn,=
capture croas Nection to be 84 barns, Meuh1hause(2-1) also rneasuredt the

--. -F€., -V__ .... an_ /neutron capt'ure for rhieniurn. The value

n tA.T T 9 PAMrA l5I " tiT.



TABLE 6. INVESTIIATIO#45 ON41

Enrsagy, Type of Enwogy, Tyfto
S4xntc@ No. Yew Half Lf~e ev R04iaflon Half L Ife MV Raldhienu

;.84 1935

Sinma &W Yamsaki 185, 186 1939

Faian &nd Sullivan 187 1940

'Cleutz al al. 183 194O

Millet amd Caitss 189 1946

Hmsct 1;. 19 14

Gooduff xid Pool 191 1947

WWutbnsf 192 1947

Cork, et al. 193 1948

Wiuiasc d Hrdck 1% 1546 W4r .1, . Partfirifts lh
ILD Particles

Prl~aw n Friedltfon4- 1% 1941 .

_ A4f F% - IT
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RAD404CM1E 1WVV~3S OFWHM

Nal ULd e'~a v RCW44k Nif 1.1fo mo ltod&oti" #4v Life fr. wv - -E f Life #Hv IIt

1*20 hr -

b hr - -. 8-2Dhr -

90h* 1.2 16 h( 2.5-

52 days 0.85 y 90 hr - 18 hl -

54 days 0.1,0.22, t

0.6, 94

1.43

-- - 90 h( - 1- lhr -

-- - 92.8 hr 1.07 8 18.9 hr 2.05

- -- - - - < 1.63

91 - - 9hr 0.70 -i6 nr -

----- 18 lhr 0.23 (3
1.91 r3
0.16

-duys 0LI Pafticles - -

1.0 y

-- ~ - .0 hr 1.07-

EAIT F-L F M ~E ?W l, 1L i[JNýýT iT jT V
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TABL' 6.

R--@ •• •Ye Typp of Tnergy ofp

Beach, t al. 1 19 -949

Laner a" Price 199 1949 --

Grant and Richmond 200 1949 -

Buie 201 1950 -

Llndner an Coleman 202 1950 -

Chu 203 1950 -

WilKinson aWd Hicks 204 1950 64 hr 0.11, 0.24 Particles -,240 hr 0.16 Particles
0.22, 1.5 y 0.4, 1.6 y

12.3 hr 016, -1 Particles
0.4, 1.6 y

tletzger ad Hill 20b 1951 -

L_,, Z . CoA.,i 206 11951

Steffen 207 195)

Tnmer and Morgan 208 1951 120-140 0.1, 1.30 Particles
days 0.76 Particles

1.07 y

Stover 209 1951 12.7 ht



S. ..i. ,....

Hoff L•,o m -A a Ho I *A ,I i Hoi 1 it- •li ,'..Mf fy HOf- Lit.

M- 9O hi 1.97,

0.945, 0.64 /
0,132, 0.275 y

- --- - l7 min(?) j7 mirV?)

- - - Months -

90- 0hr 0.96 17 hr 2.2 V

50 days 0.2,-0.7 Particles - - - -

0.17, 1.0 Y

2.2 days 0.2,-I Particles

90 hr 1,07 -

0.93
0.3 p9

16.9 hir

90 hr 1.010 13

0 1, 0.2 Pallicles
50 13 d3ys 0.1 Particles 25O-300

i A y days*

See note below"*

__ 1.0•-. the tjýA-.perties r.i,?at 90 per crentf Re
1  

ecay.

•T -T m- r .• •,- 14 0• F I A I- I S-• I T oT



Ha It-i f A. + I isotope. hnitrs 90 18

Isotopi? crs ss; sect ion, Lo rig. t0i 7.

Natural atomic cross s;,cjin, bar U- 5 46.I.

Error, per cent 3.

crn'"/g of alumnunm ItJ. 5.

Dempster' s packing-fraction curve indicated that no X-rays should
result from K capture; this has been substantiated by experiment. (zz)
The low-energy-neutron resonance absorption, scattering intervals, and
resonance scattering fractions Tn/T for ? 5 Rea := 0o. ii.(223)

THE ELECTRONIC PROPERTIES OF RHENIUM

Since the discovery of rhenium in 1925, a comparatively small amount
of work has been done on the investigation of the physical properties of the
metal. This appears to be a result, at least in part, of the unavailability
of sufficient quantities of the metal in a high state of purity. It is highly
probable that if sufficient use is found for rhenium, a suitable means of
producing metal with the required purity would be developed. For most
electron-tube applications it is desirable to have the construction materials
of very high purity, or at least of a controlled-imparity content.

Rhenium is believed to have physical and electrical properties which
might make it a desirable material for certain electron-tube applications,

Emission Constants

Only two sets of emission constants for rhenium have been found in
the literature. The first measurement ul the emission constants of rhenium
was made by Alterthum(ILO). These were determined for a surface oi
rhenium deposited on tungsten by vapor-phase decompuoition of a rhenium
halide. The values which were reported are a work function of 5, 1 electron-
volts when the Richardrson constant is ZOO am" cm'-2 K"'.2 The secund std
of constants, as determined at the Phi-lips Laboratories by Levi and
Espersen, (f;ere Figure 7) gives a work function of 4. 74 electron-volts with
a wh rdnn-.* c-•tan: of 7•n ; rnn tr:,n-2 K- 2 . (1 19) The sirface used was

,7, I I I 1 L •r, t. .• K I V- U I I I



I -1 I\ , i I
.I I I

"L !I iI

i ii

4-24 ~6K v

I 4

3,5 C0 4±5 5.

2857 K x" xte 2000 K

FIGURE 7. A RICHARDSON PLOT OF D-C EMISSION DATA
TAKEN FROM AN AVERAGE OF ELEVEN DIODIES
HAVING RHENIUM-PLATED TUNGSTEN EMITTERS
Lev; a.n~d F solruon(1i94
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J is zhe i-rmaSLii-zd c-!srij:7s:,'u cuyri-nt in arnpek--r CA,

A is the R.chare-on constant,

T is the temperature, K,

q5 is the work function,

K is the Boltzmann constant.

Theoretically, the Richardson constant should be 120 amp cm- K-1, For
most metals the experimental value for this constant is about 60 amp cin-
K-. When the value of this constant significantly exceeds the theoretical
value of 120 amp c-n 2 K- 2 , or, i the case of metals, 60 amp cm- 2 K-2 ,

there are usually impurities present on the surface of the material. (224)

For this reason it is believed that the emission constants which h--ve been
reported for rhenium are not those of the pure metal. The existing
thermionic emission constants for rhenium indicate that additional meas-
urements will be necessary in order to establish better values.

Secondary-Electron Emission

The secondary-electron emission of rhenium has been measured for
bombarding energies of from 50 to 8000 electron-volts. (225) The maxim um.
yield of 1. 3 occurs at an energy of about 900 electron volts. For com-
parison, the maximum yield for wungaten is 1. 38. The most probable
en-r•y ai 4econdary elcfrom. from rhenium was found to be approximately
5 electron-vo!ts.

Photoelectric Threshold

-T•- •hot&ertric threshold for rhenium was determined in 1933 by

Ent.4eL-n 4) M(14,4et) were made on rncniunu i-- ......--------

precipitated form in systems which were not evacuated. The photoeiectric
#)rrhold reported for rheniurn in block .Lorm was Z677 A. The phor-jelectric

-- 4I

L NI



•,: ~ ~ ~ ~ ~ J LI:- ....- W.... i:.d•, a swa repurted, folý L' rnhei-LC-a V. ire in, a partial.1

FL2~wa5 £ot.~U tc' be 281 A. ThePseth vluswrcauatdi:;

""h TF. se - t r .. -,Ie tre - C f

threshold vf the rhenium wire in a vacuum, a value of 2799 ± 3 A was found.
This bhreshoid corresponds to a photoolectri• work function of approximately
4. 42 electron-volts. With the usual experimental i, ocedures and techniques

Ia - r- 7 -2-& fl-.1 . t7ACLL -re.-. . r A"101 A e aL1 LfaU thAt ~AC l IJn jA IV V~C,~ 16#I-A AtSWU U L ACA A LAIC WU±I1. ±U&1L 0L 7VL

are not tio 5enfSitive to surface impurities and are more nearly correct than

viih thL thczrrionic eraaniarin wor-k functiaon, c-rjicnced technologiatL would
accept the photoelectric value as being moat nearly correct. If this value is
correct, the work function for rhenium is slightly lower than the work function
for tungsten.

Hall Effect

Ascherman and Justi havo reported work on the electrical conductivity,
magnetic increase of resistance, Hall effect, and superconductivity of
rhenium. (226) The Hall constant for rhenium is reported to be anomalous,
having a value of +3150 x 10-6 emu. The increase of resistance of rhenium
in a magnetic field has the same characteristics as do other metals of un-
even atomic number.

Rhenium becomes a superconductor at a temperature of 0. 95 K.

Ionization of Sodium and Cesi Vapor
on Glowing Rheniumn Surfaces

The yields of ionized atoms in sodium and cesiurp vapor at a rhenium
surface are 20 per cent and 50 per cent, respectively. (?Z7) This compares
with a value of 8. 5 per cent for sodium vapor at a tungsten surface and 45

-er rent fnr r-•itirn vanpor at a tnastoin aittrfare The yield versus tempera-
ture relationship for cesium at the rhenium surface does not agree with
Langmuir' s theory since the absolute values of yields are below the theo-
retical amounts. For sodium vapor this relationship is that given by the
Langmuir theory.

Detector Effetct of Rhenium Sulfide

The detector effect of rhenium sulide has been investigated by Tiede

-~I ,j I-~b t--



tungste'., and rhenium sulfid&n for their -ests. The de -t.,rtr.r f-f f W q-

measurable quantity tor both1 mnobulbdtnurn sulfide." ind tungsten siiid,•' but

," , . tHr -a sz rall that .u.lJ iit 1;.A
wieh t q tquipm.ncnt whirf," was ar hand_

The Electronic Properties of Rht-,iuin as

In order to facilitaLte evaluation of the possibility of uising rhenium in
electron tubes, Table 7 was assembled to compare the more pertinent

properties which determine the performance of electron-tube components.

As may be seen from the table, the spectral emissivity of rhenium is the
lowest of thoot metals listed. This indicates that rhenium, without treat-

ment, is the least applicable where heat dissipation by radiation is of prime
importance. Rhenium has a higher electrical resistivity than any of the

metals listed in the table. This would allow wire of larger cross section
to be used for filament applications. The melting point of rhenium is second
only to tungsten for the metals listed in the table. The secondary-emission
yield is comparable to that of other metals listed. For most grid applications
rhenium would have to be plated with gold or nickel because of its secondary-

emission properties. Although the emission constants for rhenium have not

been well established, it appears that rhenium might be a better emitter
than tungsten. The information given in the table indicates that the boiling

point of rhenium is comparable to that of tungsten. For most purposes it
appears that rhenium might be superior to other refractory metals in

electron-tube applications.

METALLURGICiAL PROPER rIES

Information on the metallurgy of rhenium is extremely scarce. Only

one measurement of the tensile strength and elongation has been carried
out., and that on a very fine wire. A little more is known about rhenium

alloys, but practically nothing about the alloy structures has been recorded.

Mechanical ?ro erties

Tenbile Strength and Elongation

Agtte and cu-workers(9 b 94) found the te•.sile strength of 0. ZS-mm-

;j t ý6! acý23 Leiiltif Lflý. 'WiXiE
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T N.•i,., k-A f irst reportec (I haldnde., 4 2. B rineIl, but did
not specIy 1the Thil" ui Purlity 4t the rlheniium, iinrt,,. It w,t: jjrroh-bbly an-

nealed. FYik mld lci-,n88) clieck,'d this with svjiervl cn;cisiircments when
they delermined hirdne-;s ,-'.v:ii, Iu; rot ehectri1dcl( ,-•1 ,.cd rhen:iturri. T'he hard-
nes s Of the elect rode lj:is tr W.:tc w .i 1 s t, f - D ii tI (,njip rcd with 400
for ,hroniu•l pl•,te ait I i- " ;'ii i;m '

In a study of the i--c1i 'led 'frict!oinl stren gth' (i rii). cteristics of
rhe i ,.'nitn :I, .•. .i .:( found Vitkers-. va .s ".,f 247 and 637
for purc rheniurn iMt I01C. 11 dl 1C d ,Oili-i t old-worke states) r espcCtively. In
these ranges of hreriflcs r' aditig s, the Vicker. vAile of 147 is practically

identical to 250 Brinell. Wi!kcr Aliso reported re•dtings of 46 Vickers for
annealed tungsten .ind 183 "t ), iuiw,,,(ii u)siniuni ( Feli bi'li 8).

TABLE 8. CItARACTEPISTICS OF .SOME OSMIUM-

RtUENIUM ALLOYS (After Wiukler)

Vickers
Abrdsion Scratch Hardness

Alloy a Ci/L Resistance Hardness _annealed)

100-Os 2. 7.25 1. 583 100 79 438

75-25 2. 72.8 1. 5816 53 78 550
50-50 2. 740 1. 5915 28 59 533
215-75 2. 750, 1. 602 ?f5 50 356
100-Re 2. 754 L 613 21 32 247

Recently, hardness readings on cross sections of hot-wire-deposited

rhenium were taken in this laboratory. The average hardness of pure hot-
wire rhenium was about 170 Vickers.

Frictional Properties

These properties govern wear resistance:, according to, Winkler (232),

who evaluated several metals from scratch-hardness measurements (Table

8) . The scratch hardness was listed as 32 for "soft" and 36 for "hard"
rhenium. The former value can be compared with 34 for tungsten and 79
for osmium. From these scratch hardnesses, Winkler showed that "fric-
tional strength" increased from tantalum (atomic number 73) through

tungsten (74) and rhenium (75) to osmium (76) and then dropped off rapidly

for iridium, platinum, and gold (77, 78, and 79, respectively). Rhenium,
thtnfl, was second in "frictional strength"' only LO Ul:MiurL.
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Abrasion Resistance

In the above study, the abrasion resistance was determined to be II
for tungsten, 21 for rhenium, and 100 for osmium (see Table 7).

It is notewoi thy that rhenium, although second best to osmium in the
types of properties just discussed, betters tungsteti on almost every count.

Alloys of Rheiium

Tungsten

Becker and Moers(I18) determined the melting points in the system

tungsten-rhenium. The alloys were prepared as small rods by sintering
techniques and installed as anodes in an electric-arc system. After pri-
mary ignition of the anode, the current was raised until melting of alloy

anode was observed, at which .ime a large melted bend was allowed to
form in the head of the anode. True temperature was calculated and-the

results combined with the melting point determination of Agte, et al. (91, 94).
The resultant solidus curve is shown in Figure 8. It can be seen that the

melting points of both pure metals were lowered by addition of the second

component. However, a maximum occurred at about 60 per cent rhenium,
which the authors assumed to be a new phase with a melting point of about

3010 C. The composition of this phase was equivalent to the formula
WZRe 3 , and it formed a eutectic with tungsten and rhenium on bcth sides

of the maximum. The melting points of these minima were 2890 C and
2820 C, respectively. Radiographic examination verified the presen. e of

the new crystalline form, different from both tungsten and rhenium (Figure
9). it was also shown that W 2 Re 3 was slightly miscible in tungsten as the

saturated solid solution of the new phase in tungsten caused a lattice con-

stant decrease of 1. 4 per cent for the tungsten. Solution in rhenium was
not proven. A limited solubility for both tungsten and rhenium in the

W 2 Re 3 phase seemed to exist.

Small amounts (0. 5%) of rhenium added to pure tungsten markedly
inrreased the electrical resistivity(91, 94) according to the following

figures:

Wire Diameter As Drawn Recrxtallid

0.15 rmm 11.5% 12.3%
0.02 mm 13.5% 14.5%

Iron

This is the only binary system other than tungsten which has been
res ly We ...ll33) S .. _ Q in rstablishinu Uihe
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equilibrium diagram up to 50 per cent rhenium (Figure 10). The phases
are:

1. c -phase - This is probably Fe 3 Re 2 and showed a low

solubility for iron down to room temperature. It was

very hard.

2. q-phase - A phase of wide solubility, app:-irently

bazed en Fe"Re, Xurmrd -t __ 1c.

3. 8-iron - Decomposes eutectoidally to y- and ,i --phases at

1540 C.

4. y-irou - Face-centered gamma iron which

dissolves up to 40 per cent rhenium at IZ09 C.

5. a-iron - Body-centered alpha which dissolves up to

29 per cent rhenium.

Carbon

I•general, rhenium does not react readily with carbon, and one

writert2.34) reported that rhenium-methane reactlun- were too slight for

observation. Another(235) stated that no carbides were formed with

rhenium. However, Trzebiatowski(85) heated rhenium in methane and

reported an increase in the carbon content in the temperature range 800 to

ZZO0 C. One per cent carbon was taken interstitially into the rhenium

lattice, causing an expansion to take place.

When rhenium powder was treated with carbon monoxide, a more

noticeable reaction occurred. The carburization effect depended greatly

on the activity of the rhenium powder, the most active being a fine-grained
product prepared by reduction of ammonium perrhenate.

Large-grained rhenium powder took carbon into its lattice from

carbon monoxide at 410 to 1100 C, which resulted in a greater lattice ex-

pansion than when rhenium was treated with metthane. This expansion then

receded to smaller values (e.g., the solubility decreased) than those re-
sulting from methane treatment if the temperature was raised above 1100 C.

The active, smallprained rhenium formed a new phase when treated
with monoxide at 470 C or at 600 C. One analysis reported by Trzebiatow,-ski

for a 600 C test showed 4. 9 per cent carbon content, but the other part from

the same npecinnen showed only 1. 0 per cent carbon, nornmally the highest

carbon content found. The new phase probably is rhenium carbide or a
mixture of carbidcs. This carbide was unstabl. at high temperatures, and
decompoi.ed above 1600 C to form rhenium rnetal as one of its decomposition
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9 J.~ t2., r".flert ~aV~ t.LWu±'-d carbonl --- an el~~tinter-
inediar: between tungsten and osmium. Osmium also does not formn
Zernpe r&"Lre -re Fix r~dcs,

During •t•e electrolysis of aqueous potassium pcrrhenate(23 6 ), hy-
drated rheniurn dioxide, ReOz ZH 2•O, and an amalgam were deposited at

the m•rcury acthode iundicating that rhenium des .maiganate w-
cury. Druce(84) also reported that rheniium formed amalgams.

Tin

X-ray studies(237) have indicated that tin is not soluble in rhenium,

and rhenium is not soluble in tin.

Zirconium

Wallbaum(238) reported on the lattice constants of the compound

ZrRe 2 .

Osmium

In his study on frictional strength, Winkler(23Z) prepared a few
osmium-rhenium alloys which he subsequently tested for abrasion resist-
ance. The lattice constants of these alloys, given in Table 8, show com-
plete mutual solid solubility.

Miscellaneous Alloys

Numerous patents and papers have presented other binary, ternary,
and quaternary alloys containing rhenium. These alloys were most corn-
monly developed for thermocouples or high-wear-resistant applications.

An early patent(239) stated that rhenium will alloy with platinum,
rhodium, iridium, silver, or copper. It was recommended(a40) that a
3. 15 per cent rhenium balance platinum versus platinum thermocouple
be used to replace the common Pt/PtRh couple. According to a Fiat
report(?4 1), the use of rhenium to replace aUl or part of the rhodium in

thermocouples in this manner evidently became fairly widespread in
G-vrnmany in thc 1930' =.
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It wasi alS.O 10und 2 ~th. in lr ý-d.- to J-rijjiUjf
LI u•"',uti np to V1". per cen'., bettcr wire-drawing properties were ob-€_i~ .(Z42)

Several refractory alloys were patented by Hensel and Ernmert(243ý

244). These alloys were reported to be fine grained, with low electrode

emissivity, and excellent properties for mak?-,-,d-break contacts. Their
c ompositions were:

Re 0.01-10 0.01-25 15-Z5
Mo 1-Z20 0-,. U0-En.l
W Bal 40-80 40-60

Hard, white alloys of . or more per cent rhenium with a balance of

tungsten, molybdenum chromium, tantalum, nickel, cobalt, or iron have
also been patented(245)s and are reportedly good for pen nibs. In addition,
alloys for pen nibs containing rhenium as base metal (50 to 99. 9 per cent)

have been patented. (95, 96, 246) They are made by powder-metallurgy
techniques and may be precipitation hardened. Three typical alloys of
this latter type are:(52)

(1) 60Re ISNi loW I5Pt or Ru

(2) 90Re 6W 3Ta lNi or Co
(3) 75Re ZOPt 5Ni or Co

Alloy (2) above is the hardest of the three listed, Many of these develop-
ments were triggered by an osmium shortage in Germany.

An alloy of 95Pt-SRe was found useful for platinum-base electrodea,
as it was claimed to possess better corrosion resistance than pure platinum.

%f tue this alloy is extremely resistant to corrosive attack, for platinum
is considered the most corrosion-resistant metal in existence. Five per
cent rhenium hardened platinum better than twice as muthL iridium. Rhe-
nium) it should be noted, is cheaper than iridium. (24)

Corrosion Resistance

The following information on the corrosion resistance of rhenium is
clasnified according to corrosive media.

AtMo Vhere

Rhenium oxidizes in air(91), and when heated to 1000 C it oxidizes
at the same rate as tungsten. When only 10 per cent omygen is present in
the am•iheint atmosphere, no attack occurs below 1660 C. and above 1600 C
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,re.tci in atmosphere' oif hydrogen or nitrogen speed oxidation, but when:
the -neiaj ;% heated in m-c-ist bywdoge i at 2000 C, passivation occurs toward
tLh . .- .- .c- _ 1 z'.---d _nid;atin.n. When 'o passivated, it still oxidizzs

in.... air, Sintered rheniu articularly, corrodes quite readily in air,
and evidently suffetrs a a orc sar.ou5 tyrpe of attack than has been noticed
for pi•atc or arc-melted rhiwniurm. (894 As would iw. expected, the corrosion
product is the hepLuxide which i. rcadily hydroiyr.-. to pserr'h-nic acid, a
corrozive •.nediaa *i- its own right.

Codeposits of rhenium wkth nickel or iron(247, L48) were found to halt
atmnospheric tarnishing.

In general, rhenxium is more resistant to oxidation than tungsten, and
legs so than osmium,

.Hvdrosren

Agte(91) stated that rhenium was not attacked by moist hydrogen at any
temperature, although tungsten is susceptible,

Nitrogen

Moist nitrogen(91) attacked rhenium above 1900 C, and if carbon di-
oxide was used in place of moisture, the attack still continued. Passivation
in moist hydrogen stopped this o:cidation, even up to 2500 C.

Inerta Amshe res

Under argon, rhenium(91# 94) yields a slight white fog at about 1400 C,
but at higher temperatures no fog and no blackening of a surrounding glass
envelope occurred.

Acids

One of rhenium' a more noted properties ia its high rasistance to
corrosion by hydrochloric acid. Specimens tested in this media have re-
mained unattacked and untarnished for days. (U) However, rric akcid
readily dissolves rhanium. Sulphuric acid has little or no effect, een at
elevated temperatures. %Wt , .

Codeposited nickel-rheumurn platings(248) showed even more re-
uitbance to concentrated hydrochloric acid than did pure rhenium depomits',
althoubh the adIoy pAte 6id not sitand u-P against, 611 hydrochloric acid, and

.... ra.tacrskd y exisdizing acids,
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Alkalies

Alkalies, particularly if fused and in the presence of oxzdizing agents,
•11 &tack ± ~y .divide~d rhenium. (84) Codeposited nickel(Z48) aided tir
Y-S:'t+nce nf I•ated rhenium to sodium and ammonium hydroxides.

C.~ ~ ~ _E nE L4iA FO TILA-

Introduction

The chemical properties of rhenium are quite well known. They are

presented in a highly subdivided manner in this report, so a very brief
summary of the more practical chemical properties is given here for the
casual reader.

In general, rhenium behaves as an element between tungsten and
osmium in the periodic table is expected to behave. It is practically inert
to halogen acids, but is attacked by oxidizing acids, such as nitric. It forms
a long series of oxides, evidencing its wide variety of valences, from Re"I

tu Re+ 7 . The highest oxide, rhenium heptoxide, readily forms from the
action of moist air on the metal. This oxide is volatile when heated, so
unprotected rhenium cannot be used at high temperatures. The heptoxide

is readily soluble in water to form a strong nonoxidiz.ing acid, HReO 4 .
Rhenium forms a wide variety of other inorganic and organic compounds,
but does not form nitrides. Indications are that rhenium forms both car-
bides and amalgams.

.. he physical properties of many of the more comnnon compounds will
be found summarized in Table 9.

Valence States

Rhcl-ar-a ha- new bhen found to possess all valence states from Re- 1

to ,e+7. Since rhenium occurs in Group VII of the periodic tabie, the

maximum valence of t7 is expected. Re+7 is also the strongest rhenium
valence. According to Pauling(282), the single-bond radius of rhenium is
I. Z83 A.

Rulfs and Elving(283), in a study of the oxidation levels of rheniuln,

asated .hat the tendency for rhenium to e.ist in tht. Re+ 1, Re+?, or Re+ 3

valence states is very low. They determined oxidation patentials in thie
rargr which were rvepnrted as follows:
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Potential vs. Standard

CalorFn ! Fl-ctrode,

Oxidation State -volts

Re-I t o Re+1 -0. so
P-e+1 to Re+Z -0. 27
Re+? to Re+ 3  - 0 0

Rhenium" i

This is the most recent valence oi rbeiium observed, in i937 Lundell
and Knowles(284) reduced perrhenic acid in the Jones reductor and claimed
furmation of a Re-I compound. According to Pauling(285) (1947), this is
the only known occurrence of a metal with a negative oxidation number.
Maun and Davidson(28 6 ) and Lingarie(Z87) also prepared Re- 4 by zinc re-
duction methods. These preparations of Re- 1 all occurred in solution only
and no .compounds were separated, although still more recently, Rulfs and
Elving(Z8 3) also asserted that some sort of compound must be formed. 'The
following reactions are thought to occur:

Re-l + gaseous oxygen = Re+I

Re-i + Cu+2 a Re+1 + Cu

3Re- I + Re+ 7 = 4Re+I

Re+! + gaseous oxygen a Re+4

Re+ I + Cu+ 2 = Re (higher oxidation state) + Cu+l

Re+1I + Re+ 7 = 2Re+ 4

Pauling' s(285) explanation cf the situation is that rhenium possibly
exists with an electloniL si.ucture similar to Pt+2) which is isoelectronic
with Re 1 . Re 1 - may exist with 4 covalent bonds, with 4 groups arranged
in a co-planar square around it. The four groups may be 'water molecules.
If thia is the case, hydrorhenic acid, MRe, could be formed, although no
one has yet isolated it.

Rhenium+I and Rhenium+2

Two low hydrated oxides of rhenium, Re 2O. 2H0' and ReO. H 2 O, were
prepared in an impure state by Young and Irvine(286). They reduced per-
rhenic acid with zinc and cadmium, forming Re20. HZO and ReQ. H 'O, re-
spectively. Both compounds were isolated.

D ArTLLLE M E MO RI1 A IL N S T 1 7 U T E



-54-

TABLE 4 KNOWN PHYSICAL PROPERTIES OF

Crystal Rimensions Physicai Density
a, b, c, State at 26 C.

Conipnuid Name Clystalline tRam A A A at 20 C t/cc

ReOK2  Rhenium dioxide - - Solid 11.4
R40 3  Rhenium trioxidie Cubic 3.734 - Solid 7.43
RC207 Rhenium heptoxide - - Solid 8.2
HReCO 4  Peirhenic acld -- o - Liquid 2.15

(•s.uoln.)
KReO 4  Po'tamlum perrhenate Tetrago~nal 5.615 12. 50 Solid 4.38
NaReO4  Sodium perrhenate - - Solid 5.24
NH4ReO 4  Ammonium perrhenate - - Solid 3.53
AgReO 4  Silver perrhenate - - Solid 6.94
C"0eO4  Cesium pe~rrhenate Orthorhombic 5. 73 5. 98 14. 26 Solid 4. 76
RbRio 4  Rubidium perxhenatc Tetragor.al 5. 80 - 13. 14 Solid 4. 73
TIRe0 4  Thallium perrhenate O~rtborhombic 5. 63 5.80 13. 33 Solid 6.89
ReF'6 Rhenium hexafluoride - - - - Liquid 4.251
ReCI 3  Rhenium trichlorlde Hexagonal - - Solid "
ReCl 5  Rhenium pentachloride . - - Solid
ReBr 3  Rhenium tribromide . . Solid -

ReS2  Rhenium disulfide - - - Solid T. 5
Re2S7  Rhenium heptasulfide Amorphous - - - Solid 4,. 866
K2 R•Ci 6  Potassium rhenichloride Oct-hedral - - Solid 3.3415
ReO3 CI Rhenium trioxychloride .. . . Liquid -

ReO2 CI3  Rhenium dioxytrichloride - - - Solid 3. 35935

ReOF4  Rhenium oxytetrafluoride - - - Solid 4. 032
Re(CO)5  Rhenium pentacarbonyl Pseudo-tetragonal - - Solid
Re(CH 3 )3  Trimethyirhenium - - - Liquid 1. 0+
K3 (ReO24CN)4] Potassium rhe:noxycyanide MNonoclinic - - Solid 2. 70440

Notes: d. decomposed; s. = soluble; est. =etimaed
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SOME SELECTED RHPNIUM COMPOUNDS

Magnetic
Susceptibility $olublw

Melting Boiling at 20 C, Cold Hot

Point. Point. CGS units Water, Water,

C C Color x x 106 g/1 Refernce4

d. - Brown +101 = - 128.249

d. - Red -94 " 128.250.251.252,253

29'1 363 Yellow +90 Very soluble 35, 128, 251.254

- Clouleu - Very soluble 255, 256

555 1370 White +90 3.6 22. 240 128, 25, 258,2 59, 37,260,261

414 - White - 654 110050.3 260. 262

58002t. - White - 11" s.. d. 260

455 - White 4.3 27.1 50 263.264

816 White - 2.44 18. 165C. 3 260. 262

go White - 2.73 24.660,3 260,262

525 White - 1.15 5. 5550 259,262.264.,65

18.8 47. 6 Yellow - s., d. s., d. 35. 266. 267.268

Sublimes 500 !o 550 Violet +75 Very soluble 35, 128
- Bo Brown +1225 z., d. s.. d. 128.269

Sublimes 450 Dk. green +12 - 128, 270
- d.>1000 Black +62, Insoluble 128. 271

- d.> 47 0 Black - Insoluble 272
- Yellow green - Slight Insoluble 273, 274

V121 Yellow - - 275

. P.ed brown - a.,, d. s.. d 35.276
(", i•rlcss - $. a. 35.277

Insoluble 278.219
, -:- " 280
o s. s. 281



'rvivalcnt rhenium compounds are fairly comrimon; PRe+ 3 was prohabhy
first prepared in solution by Marnchot, Schmid, and Dlising(289). It was
later verified by the separation of halides such as rhenium trichloride,
ReCla, and rhenium tribromride, ReBr-j. ReCl3 has been studicd by Biltz,
Geilmann, and Wrigge(?g0) and cun be prepared by electrolytic reduction of
potassiuI,-1 relichloride .c.,iutin 5 (2 22) fir 11" 1 Mor o e ._ i acid

with a hot hydrochloric acid solution of chromiurrm dichloride. (293) Oxidation
ef R.-+3 unlhitinnR to higsher valence states occurs very readily(29l).

Rhenium+4

Re+ 4 has been known since early in rhenium history. Turkiewicz (294)

reduced potasa'um perrhenate with chromium and an iodine catalyst to give
Re+ 4 . The reduction of potassium perrhenate by iodine alone proceeds in
two stages:

Re+ 7 + ZI'1 = Re+ 5 + 21

Re+S + I- =Re+4 + I

Other methods Lor preparation involve reduction of perrhenic acid by the
chlorides of Sn+Z, Cr+Z, Ti+3 , or V+3 in hydrochloric acid solution. (293,
Z95, 296). Re+ 4 i'on in responsible for the formation of the so-called

"Burgundy Red"(161) and has an ionic diameter of 0. 68 A. (297) Some of
the more common tetravalent compounds are rhenium dioxide, rhenium di-

sulfide, rhenium tetrafluoride, double halides (as K ? ReCl 6 ) etc.

Rhenium+5

Re+7 reduces easily in hydrochloric acid to Re+ 5 by electrolytic pro-
cedures. Re+ 5 is usually an intermediate in the formation of Re+ 4 , It

hydrolyzes easily(298) and is unstable in acid solutions, decomposing to
p.e+ 4 and Re+7.(293, Z99) Jakob and Jezowaka(300) prepared compounds of
"•'- type X 2.e.C1:,5. The na-ntachloride. ReClk, and a few other pentavalent
compounds exist, but Re+ 5 in not so common as Re+ 4 or Re+ 7 .

Rheniujmn+6

Re+ 6 exists in coampounds such as rhenium trioxide, rhenium hexa-
fluoride, and tht oxYtetrahlides like P-eOCC 4 . The Nod~tacks(251, 301)

reiuced rheniumq hetoxide with Linc to produce the trio•_ide in solution,
311"'atv l ,. a!. (25n later Prepared it in & free state,. iRei () . an ionic
radius of 0. 58 A.
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This is the highest and tost czrnmvn of all rhenium valene-s. Re+7
was present in the starting compounds fromn whic., virtually all of the cor-

pound mcr'tioned pre iou5ly in this. valenc st wo-re prepared, Hep-
tavalence is characteristic of Group VII and is evidenced by rhenium
heptoxide, Re-O77 , perrhenic acid, HReO 4 , and ti'e salts of perrhenic acid

spectively.

Oxides of Rhenium

If rhenium metal is fused with sodium hydroxide, there is no color
change immediately noticed. However, if oxygen is added(302) to a water
soiution of the fused material in greater and greater quantities, a series
of color changes will occur in this order: dark brown, light brown, yellow,
olive green, dark green, brown, bright red. These colors all correspond
to varying oxidation states of rheniun, and of course, simultaneously
represent the valences listed above.

About 9 or 10 rhenium oxides in these oxidation states have been
reported(303), but the existence of several is quite doubtful. As might be
erpected, the higher oxides form acids in solution. Noddack(302) originally
noted the following oxides: Re?O, ReO, Re 2 O 3 , ReO 2 , Re205, ReO3 , and
ReZo 7 . Others have reported ReO 8 ( or ReO 4 ) and Re 3 0 8 . Rhenium hep-
toxide forms the very strong acid, HReO 4 . The lower oxides should form
basic solutions, but the dioxide does not. These oxides are generally quite
stable (the highest are more so than the corresponding manganese ox-
ides(303)), which Noddack(304) attributed to their moderate heats of forma-
tion. Neighboring elements, such as tungstevin manganese, or osmium
possess higher heats of formation. A detailed discussion of the various

oxides follows.

Rhenium Suboxide, Re 2 o

Young and Irvine(288), am noted previously, definitely prepared
Re2Oo H20 in the Jones reductor, although Nodd ock(302) reporod it as early
as 033. The compound was black. insoluble in hydrochloric s~id, "ad un-
attacked by aikaline chromate or acid ferric su•f•.,. It w&a soluble in
nitric acid and bromine wastr.

I , d by N"idrck but later Z--!ý
young and r-ia*--F ni the isamc w.*A~ RwQ- u -1Wiur0X sic
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appeared th,' doubik hydrate, ReC-. 2H 0, and possessed the same poptper-

tits noted above for thi ;uL•i.ide.-

Rhenium Se.-;%i oxide, Re 2 O,3

ImPUCe black- ReZU h been prepared . .it.. di yI )J E -y ,,,,, ,,i ....i,.

Wrigge. 
(305)

Z ReCI 3 + 3FZ0 (alkil.ine) =: ReZO 3 + 6HCI

Air must be exc~luded, as the sesquioxide oxidizes readily to perrhenate. It

decomposes to Re+Z, Re+ 4 , and Re+ 7 in the presence of alkalies.

Rhenium Dioxide, ReO2

Any high rhenium oxide may be reduced to ReO 2 if treated strongly.

The Noddacks(251, 301) prepared it by heating sodium or potassium per-

rhenate with hydrogen. However, the simplest technique was that of

Biltz(2.49), who heated the heptoxide and rhenium for a day at about 650 C:

3 Re + 2 Re 2 0 7 = 7ReO 2

The dioxide is a dark brown or black solid which reduces easily to
metal. (301) Oxidation to perrhenic acid also occurs readily. It will not

fuse with barium oxide, but will do so with alkaline sodium and barium per-

rhenates, and sodium or potassium hydroxides. (30,2) In the absence of air,

rhenites (as NaZReO 3 ) are formed, and with excess alkali, the hyporhenites

(as Na 3 ReýO 4 ). With air, the perrhenates are formed.

Hydrogen chloride will cause formation of oxychlorides from the

dioxide, and the dioxide will also precipitate quantitatively as the disulfide

from acid solution when treated with hydrogen sulfide. (306) This, is im-

portant analytically. 'The thermite reaction can be performed with ReO2

to yield rhenium metal. (93) Decomposition of the dioxide occurs at elevated

temperatures in vacuum as ioows:

7ReOz -g 2RezO7 + 3Rte

TL _CatM-ent with sulfur dioxide causes formittion of ReSO 4 . (306)

I1heaiwz, PeZIo:•ide, P~e

Bico et ai (007) reducd ReA07 with rhenium meta! in a sealed

tube, rroducing a zednlish substance clained to be Re?0S:

4 ac ý- 5" ,.IAi T I¼T
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Roth j l Beckci- 3 0 8 ) also formed this oxide as partial product fron
heaiLing riieniuni mnetal zznd paraffin oil in a combustion tube. Re 2 O5 was
insoluble in cold water, hydrochloric anid sulfuric acids, aiid alkaline solu-
tions, but was solubie in warni water and nitric acid. Chlorine probably
,conrverted the oxide to oxytetrachloride.

T ri- h-_he-niurn_ ',-L ,,tu .... ,, . 3 e• 3"8% I• -) I.

"This e -xide wa" f,,rned ibv the reaction:

3 Re 2 O 7 + 5SOS (or CO) w 2 Re 3 0 8 + 5S03

as stated by the Noddacks(&5 I). However, they lter surmised it to be
compounds of ReO 2 with Re03 or ReZO 7 , so its existence is somewhat
questionable. It appeared as a black or violet compound to them, although
others thought it s blue. (30)

Rhenium Trioxide, ReQ3

Rhenium trioxide was also first noticed by the Noddacks(297, 301),
who prepared it from perrhenic acid and zinc. It was unstable and im-
possible to isolate, but salts of ReOjgZ were similar to manganates, forming
bright yellow solutions. Heating caused decomposition to the heptoxide. (251J
Biltz(252, 309) formed it from rhenium metal powder and rhenium heptoxide
by a long heating p-ocess at about 300 C. It was not originally claimed by
him as ReO 3 , but evidence for this formula was good:

3 Re 7 O 7 +Re s 7 ReQ 3

Bi t?,(249) later definitely claimed that he prepared the trioxide by
heating weighed amounts of the dioxide and heptoxide for over a week:

ReOQ + Re 2 O7 w 3 ReQ 3

and then found it identical with "rheniurn blue"(3 10) found by earlier in-
vestigators-',. '4 C.,,1i a1L b Le przpazd freJn the -entnxidA and dioxane(253,

3 11):

Reo7+ xC 4 H 2  2 ReQ 3 + deco-mposition prod.nc.'s

It as a red cubic crystalline solid t. nafected by wattr Cr
ditinte caasti.. Its heat of forn ation(3 13) is 82. 5 + 8 kg-cal. The trioxide

"wIl liberate iodine from potassium iodide, b,•t no chlorine from hydro-
chloric acid. In excess of potassiumr hydroxide and sodium oxide it will

S" to io1rm perrhenatet or p err -rnT.
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Rhenium Hetitoxide, Re?0 7

This is the mous :omnmon of the oxides, and 1, readily formed by ex-
posure of the rnetal to rmoist air, or by heating. &.idj.ii • a±y of the
lower oxides also produces the heptoxide. (2It)

4 Re + 70, w 2 Reo0 7

4 ReO? + 30,Z • 2 Re 2 O 7 , etc.

It is a yellow, crystalline substance(251) and is readily soluble in
water, hydrolyzing to form the strong acid, HReO 4 . It is also soluble in
alcohol and acetone, but not in ether. It can be reduced by hydrogen, car-
bon monoxide, sulfur dioxide, and other reducing agents to lower oxides or
the metal. It is precipitable from solution with hydrogen sulfide as the
heptasulfide.

The heptoxide has a density of 8. 2 and melts at 297 C. It sublimes
at 363 C(128), so is a conpletely unprotective coating for massive rhenium
above 300 C. Roth and Becker(313) found the heot of formation to be
297. 5 * 2 kg-cal.

Rhenium Tetroxide, Re 2 0 8 or ReO 4 (?)

The Noddacks(301 ) originally assumed falsely that the highest oxide
possible for rhenium was Re08t and isolated a white substance claimed
to be this comnpound. Druce(306) also claimed such an oxide. However
its existence was soon questioned by Briscoe, Robinson, and Rudge(3 14S
who tried to make it. They found that moisture lowered the melting point
of the heptoxide to the value found by the Noddacks, and furthermore, the
sublimate was white. A careful check proved the substance was only
Re 2 0 7 , so the existence of ReGO8 (or ReO 4 ) is highly improbable.

Acids and Their Salts

Acids of •.heniurn

-:erhenic Acid; HReO 4 . This is a stable, colorless acid. it is
preparid In severai5'simpTe ways, the most common of which is by the corn-
bination or solutiun of the very common heptoxide with water:(301)

Re 2 0 7 + H 2 0 u 2 HReO4.
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!t can also be produced(2 5 5 ) by the cxidci7ton of rhenium• metal with

nitric acid: -

3 Re + 7HINO3, a 3 H ReO 4 7NO - 2 - 2 0.

In addition, oxidation of the lower rnenium oxides, such as ReOŽ(3'15)

by hyarogen peroxide, chlorin'e water, and other oxidizing agents produces

2 ReO 2 + 3 H202 " Z HReO 4 + ZHo.

Druce(31 6 ) suggested t ýat oxidation of a suli , such as RezS 7 , to per-
rhenic acid would be a xneans of recovery of rhenium after analysis when

the sulfide was formed.

Roth and Becker(3 17) measured the conductivity of perrhenic acid, and

found the mobility of ReO4' at 18 C was 44 * 1. Thus, HReO 4 is con-

sidered a strong acid, although it is not an oxidizing one. It neutralizes

bases and its heat of neutralization with potassium hydroxide is 13. 5 * C. I
kg-cal at infinite dilution. It is usually yellow in color when concentrated,
unless very pure when it appears colorless. The densities of aqueous
solutions of perrhenic acid were found by Feit(Ž56) and are reported in
Table 10.

Perrhenic acid will dissolve zinc, iron, and manganese. (301) It

reacts with hydrates of aluminum, zinc, and iron to form perrhenates:

Fe + 2HReO 4 w Fe(ReO4)2 + H2

Fe(OH) 3 4 3HreO 4 a Fe(Re04)3 + 3 8 zO.

Although not usually an oxidizing agent, additions of vp.rious metals and

acids cause the formation of oxides:(-88, 301)

2HReO4 + Zn + H SO4 sZ ReO 3 + ZnSO4 + ?H20.

Perrhcnic acid will react with hydrogen suifide or ammonium polysulfide
in acid solution to produce rhenium disulfide, ReSZ. (301) if the solution

is dilute, the thioderivatives ate apt t- e Nfirst found. (318) With hydrogen

peroxide alone, it gives a red color, which Hagen and Sieverts•5•71 ciaimed

showed the presence of a "pcr-acidd of rhenium heptoxide".

It can :e seen, from the reactions of perrhenic acid with metals and

bases, that many metal salts of the acid are formed. They are discussed

below.

Other Acids, H2ReO 4 and H 3 ReO5. Druce(255) reported rhenic acid,

H 2 ReO 4 ,as exýiiýffiiitasoltion containing perrhcnic acid after sulfur

S A T T L L LE M EMO R I A L T !• I Ir T FIT



TABLE 10. SPECIFIC GRAV ITY OF AQUEOUS SOLUTIONS
OF PERRIAENIC ACID (AFTER FEIT)

ipecific G•j- viiy .... ...... . Hre04 er ... itf. r

1•60 0.0 0

1. 025 2.93 i0

1.05 5.71 60

1.075 8.37 90

1.10 10.91 120

1.15 15.65 180

1.2 z 20.00 240

1.25 24.40 305

1.30 Z8.46 370

1.35 31.85 430

1.4.0 35.00 490

1.45 37.93 550

1.50 40.67 610

1.55 43.23 670

1.60 45.94 735

1.65 48.18 795

1.70 50.29 855

1.75 5Z, 57 920

1.80 54.44 980

1.85 56. 22 1040

1.90 57.90 1100

1.95 59.49 1160

2.00 61.00 12ZO

2.05 62.44 1280

.I 3.181 1340

2-A15 65,12 1400
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dioxide was passed through it. The Noddacks(3 0 Z) clailrled the formation
ofmeso -perrthenc acid, ljR6e-';5, anrd twine of its salt- fro;mnz- ec-i

bctweert bariaiii rhacat v ydoe.They statcd that Aj!

Zialts o-ý Perrhenic Arid

The R~eO 4 _ ion derived from perrheriic acid Lorm5 infti.xy salt's wvtki

metals, positive radicals, and orgauzicei, A dic-caistiov of all of these with
the exception of orgaaics ioilowa. .4 miglat lu- rvtcd that F rnte"._(320)

found that the Alienate ion is octahedral in solution, but has a slightly de-
formed tetrahedral 6tructure in the crysUAIlAine state. The valency forces
increase when proceeding froin the tetrahedral to the octahedral state.

Potassium Perrheziate, KReO 4 , This salt is the result of neutraliza-
tion of patassirurn hydIroxid Rt -peirhenic acid,

KOHI + HReO 4 aKReO4 + HZOP

or potassium chloride and the acid will react:

KCI + HReO 4 = KRe04 + HCI.

Potassium perrhenate is the most important salt of perrhenic acid
and is an article of commerce.

According to Vorlarider and Dalichau(7259) (through Druce(32- 1)) the
melting point is 552-3 C and boiling point about 1370 C. The melcing point
was later determined as 513 C by Xleese and 1H6ernann(26 1), but revised
to 555 C by Smith and Long(2601J. The heat of formation is 263 kg-cal and
a saturated aqueous solution at 18 C is 0. 0329N. The density is 4. 38 and
the heat of solution, according to Rtoth and Becker(3 17), is 13. 80 :k 3 kg-cal
at 21. 7 C, but Smith and Long reported a value of 7. 68 kcal/rnole.

hlPalmann and Kleese(2-6 1) and Pushin and Kovack(3 2 72) have determined
tl~ f-#ý 'nollbility of this salt at various temperatures. Druce(37,1) has

combined this with unpublished data (aee Table 11). Smith" 231f also kc
termined the solubility, and his data is combined with the above in Table 11,
His plot, includirng the data of Pushin and Kovack and Hbleranam and IKleese

-in shown ini Fi~iue I I. Oued agreq-ni-nt was found except for a 6 per cent
vwriation at zero C. Pus hin and lMovack also found a eutectic of 0. 343 per
cent perrrhenate at 0. 066 C, and noted tnar ir' jýL;;_;t WA

i.5times the theoretical.

In gerseral, it may he noted that the solubility ol potaasiurn pe--rhenati_
in cold water iit low, rand is ftrther lowered by the presence of potassium
ivr,. 77ahs iia In!pu mrski~*1~ lysis or recovery. Smith(32 3) studied
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TABLE 11. Tli-E b'LUUB:!TY OF POTASSIUM PERRI1ENATF•

DrirAco-, aa~d Srnith)

KRcO4, Per Cent KReO 4 ,

T . a/10,0 cc Tempo per 100 cc

C of water C of solution

0.00 0. 36* L09 12.6

Z.01 0.4945 112 14.0

8.30 0.5207 154 26.3

10,ZO 0. 5,777 194 39,7

16.90 0. 8320 220 50,7

23.80 1.1580 239 59.9

30.00 1.47* 290 71.9

30.90 1.5410 335 84.6

35.00 1.7929 401 89.3

38.95 2. 0!6 445 94.4

40.00 Z. 22* 470 96.8

44.85 2.525 498 98.4

49. 78 3 2*1" 518 100.0 (nip)

50.45 3.123

65.80 5.001

$6.15 7- 522

100 10 T 9. 4 ,U4
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* ¾ nt'~r~d ~i rn h]iNride -water, and found 0;,Si

2 ~~!U- Fr-rd~v'~is'd; t~Is A~ti-r prccpir-vif74tnn it the' temrsperature~
7-O fn7 . T T- ~ain rh) trmninrature dttýrre&stdth

]_.clý ehctrnolvyic conduirtiyri o'f. potassium perrhenate solutions at

Tem•erature, C M.oar C(onductivity

I S. r),
Z 12.5, 7
30 141.8
40 169

Per Lent dissociation of 0. OZM and 0. O1M solutions were also de-
ter rnined.(324)

Potassium perrhenate can be reduced by Vinc, calcium, sodium
amallgim, hydrazine hydrate, magnesium, etc. 325, 326) It will not be
reduced by sulfur dioxide or hydrocarbons.

Careful reduction with zinc and cold hydrochloric acid(3726) will yield
step-by-step color changes: yellow, yellow green, bluish violet, brownish
black, and nearly colorless. This reduction can be stopped at any time and
the appropriate oxide separated. In concentrated sulfuric acid solution,
ii•lernann(327) found that ferrous, stannous, or tita-9us sulfates will reduce
pctassiurn perrhenate to Re+J compounds, while chromous sulfate will re-
duce it to Re+4 corrprurds. Electrolytic reduction with zinc chloride in
the presence of thiocyanetes also produced Re+5. (its) In neutral solu-
tion327), electrolysis liberated rhenium and hydrated rhenium dioxide at
the cathode. (235) -

Numerous other compounds can be prepared, nng pCtassuin1 pr-
rh•exte as a starting material.

Arniýmiurn Perrhenate, N14 4 ReO4. This also is an ina•portant rheniuma

! k 1 w it is more satiskactory than ahr uot,.iur. pe tr!en~te n_
,k•ctk.o. to vary pire rhentrn .metal as the potassiuin-produced metal often
cc:-ntaini potassium oXidd or other impurities difficult to remove. (i33 The
sil.t is pwepared by neutralization cf perrhenic acid with ammoniurn hydrox-

ReO, f+ NH 4 0OH a N4H 4 ReO 4 + H 2 0.

£ariy deterrniuaticas gave its solubility in water to be 1Z0 g/i(301),
b;t this bis beie recently revised to abolt 17 g/l at zeru C. (Z60) The

trmrzerature of the 120 g/l value is unknown, but it must have been over
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TIedn.t f -nu r' rheniiAe is 3. 53 and the heid"souir
6.2 ký_Arnl At (!er-ompses upoýn heai'n- at i04itM~

in hydrvweii, first the black oxide anad thea inetal powder are L~:Ed

NH Reo 4 + H? w Re(_,- -f N1401- i

+ '

As r-nt-d ý%bo.ve) thiE i-. a commo u mt!.- o preparing vvqYer
74erwiuyn metal,

SodiumPerrhenate, NaReO4. This colorless salt is also prepared byj
acid-.base neu~tralization, It is stable and mouch more soluble than the other
commnon perrhenateu. Its water solubility is abotit 653 g/l at zero C. (260)
its freezing point is 414 C and density is 5. 24.

Silver Perrhenate, AgReO4. Pe.i-rhenic Fkzid arad bilver nitratc form
insoluble (4.3 7i. at zero C) silver prrrhenate. (24At etigpiti
455 C and density 6. 96. It decomposes at 455 C;. (Z59)

Manganese Perrhenate, Mn(ReO4)2. This pink salt was first obtained
by Druce( 2 9Tby dissolving manganese carbonate in perrhenic acid which
gave the trihydrate. On drying, the anhydrous salt appeared. The melting
point is over 300 C according to Druce(265), but Smith and Maxwell(330))
later found it to be much higher, 861 C. It is soluble to the extent of 3400
g/l at 27 C and has a density of 5. 12.

Other Perrhenates. Copper, nickel, and cobalt perrhenates were
first formed from an acid-carbonate interreaction by 13ribcoe, Robinson,
and Rudge. (33 1) Addition. of amrmonia or amm~oniumn hydroxide produced
arminre of the metal salts such as Cu(RtO4 )Z, 4N113 , Ni(Re0 4 )2 ý NH3 , or
Cu(ReO.4 )2 ' 41*13. Smith260, 264~, 330j, 3321) also prepared other perrhenates.
The more common anhydrous ones are given in the list on the following page.

Wilk--Dariiirt and Gunaert(333) and Neusser(323 4 ) prepared some
uncommon perrhenates, the former workers to show the similarity between
perrhenic acid and other Grm V11 acid& such as HMn0 4 , and the latter
while working on the micrachemical determination of rhenium. Tihe
formulas and colors of th-e salLrn are given en page 69.
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Fc C~torR lference

Rubidiumrrf n 4 tt- 260

cevizun perrhernate Gc;RC04 WhIite20

ar -uln I- r 
3 012

Thallium perrhenate TlReiJ 4  W1hiit.

Beryllium perrhenate Bt(Re04)Z 332

Magnesium perrhenate Mg(ReO4)f. 332

Calcium perrhenate Ca(ReO4 )7 332

Stannoub perrhenate Sn(ReO 4ýZ 332

Mercuric perrhenate Hg(ReO 4 ) 2  -332

Cuprous perrhenate Cu(Re 0)2- 33Z

cupric prrrhexiate Cu 2Z(Re04)2 White 264

Lead perrhenate Pb(Re04)7. 332

Cobalt perrhenate CG(Re04) Purple 330

Nickel perrhenate Ni(ReO 4 )2  Yellow 330

Ferrcus perrhenate Fe(Re0 4 ),? Dark red 330

Fe rric perrheflate Fc(Re04) 3  Black 330

Neodymii~ual Parr.-cnate NAIRPOA12 265

Lanthanum perrherlate L&(ReO4)3
26
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S &h Color erenc

"r N ,,-3 i (R u iia3:

-4.I a -2,, 333

j4Wh'ite 3 3 3

[Cd(NH 3 )4 1 (Re 4 1 2  Colorless 333

[Co(NHi3 )4 (Re0 4 )Z Purple red 333

(A04Hi3 )4 1ReO 4  Colorless 333

(N ()Re 04 Colorless 333

[ Co(NH 3)6 ](ReO 4)3. I',/zO Orugte 3ý4

[Co(NI 3 ) 5 ] (ReO 4 ) 3 . 3H20 Rose 334

[Co(NH3 )5 ) (Re0 4 )2  Red 334

r(Co(NH 3 )5 ] (Reo4)2  Yellow brown 334

[Co(NH 3 )4 ] (ReO404 Granite red 334

Salts OfHYLO-rlenic: Rhenic, ad
Mftsoperrhenic Acids

According to Druce(335), very little is known conwgerning the rhenate.,
MZReO4, salts of rhenic acid. HOwever, the Noddacks(302) prepared the
sodium and barium salts, NaZ.eO4 and B&ReO4, from rhenium dioxide.,
sodiurn hy'aroxid •-t th a ppropriate perrhenate.

Mesoperrheates are salts of meoperrhenic acid, H 3 ReOS, and
Scharnow(•33) prepared Ba 3 (RtO5 )Z, barium mneseperrhenat% by evaporation
of barium parrhaeate with excess barium hydroxide. The hyporthnates,
salts of uuislated 4,yL rheric acid HReO3, have been listed by Druce(3Z1)

as:

Sodium hyporhenate NaReO 3
Sodium pyrorhenate Na4Re2O7
Sodiur ortho-hyporherate Na 3 ReO 4
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~ ~I ~Y--~w -4 1 arid RC0ieO are oi-uo Lno to exist.

Numerous iiick _. •.et•1At-,l ha!0gen ron',o:; of rhe-inmr ha-e
e r.,-' af .: cop•.nu-ds will be presented in six

'aec: ions: Halidc.:s D~!-•: ) balidf,: Oxyhalides, Double .xyhaiid~, DG':b1e
•iiricup-la"iia kkll %Carbunyl aid~

Rhenium Halides

Fluorides. Two corr-pouonu of fluorine, rheniumix hexafluoride, ReF 6 ,
and rheniumn tetrafluoride, ReF4, are known to exist. The f)rrner was
i.:cp-red by Ruff, K 'asnik, and Ascher(277) in a fluor•par tube:

Re + 3Fz a ReF 6 .

Rhenium hexafluoride sublimes easily, giving off purple clouds in air. Its
pronperties were determined by Ruff(337), Ruff and Kwasnik(2 6 6, 267, 268,
338), and others. This hexafluoride, a yellow crystalline material, melts
at 18. 8 C and boils at 47. 6 C. The density is 4. Z51, and the vapor pressure
at the melting point ifi 261.4 rmm. With quartz, the hexafluoridc reacts to
form oxylluorides. It also can be oxidized to the oxyfluorides by more
common oxidants. Reduction by hydrogen or sulfur dioxide produces the
tetraflueride, and hydrolysis yields rhenium dioxide, and perrhenic and
hydrofluoric acids.

Rhenium tetrafluoride, with a melting point of 124. 5 C(467) was
prepared by reduction of the hexafluoride as stated above. Another fluoride,
ReF 7 , was also mentioned, but information on it is sparse. A recent
attempt(339) to pr -pare ReF 3 has been unsuccessful.

•,jdcz. Se-veral chlorides of rhenium exist. The lowest, rhenium
dichloride (ReElz) was claimed by Schacherl"iO2) in i92-, ...t .videnty it
does not exist, as no mention has since been made of it.

Rheni'•_mrn trichloride, ReCI 3 , was first reported by Nuddack(Z9 7 ), who
f•)rmred it from the elements. It is most common, and forms bright red
solutions. Other methods jf preparation were developed, such as thermal
decomposition of pentachlorides or of the double chlorides (as AgReC16)(3 40),
or by reaction between rhenium powder and sulfonyl chloride(3 4 1). The
iatter method is not recommended.
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red ; u ýt|- l

, titCrh•-dni r r tric;ur Ui*de ½ .s ffil are hexi_ .... c i violet bLa:k in color
""0 Cy

a'•_•-•• '}1 {• rc a r.'',• r-t• =n.,, r'_, mt--.. +.4 -- 1. ri:., a* ... ...... rd'. ,v• , -- r to a hy rated

Oxide(2-4_t 344) or an o0-ide'., and cali be oxidized by oxygeni to give various csXy•-
cbhlorides:

6ReCI 3 +702 = 4ReO 3 Cl + ZReOCL4 + 3C1z.

Wvowever, it is stable to any oxidation or reduction in acid solutions. (30z)
in basic solution, reduction will normally proceed (without lower chlorides
xorn.2._ $irectly to metallic rhenium(302, 343), although zinc, sodiurn, or
necury will cause tormation oi Re+ 1 Precipitation with hydrogen sulfide
is p1ossible, but not quantitatively. (344) Ammnronium hydroxide causes corn-
plcx reactions with rhenium trichloride(345) and tensiornetric examination
shows the existence of arnmoniates: leCl 3 ' 14NH 3 , ReC13' 71N3, ReCl 3 .
6NH The addition of sodium hydroxide causes a brown precipitate, and

.e+4, and Re+-V are found to be I esent. Insoluble doable chloride
salts can be obtained by additions o L- dium or cesium chloride.

Rhenium tetrachloride, ReC,4, was first reported in 19l6(340), but
it rnray be nonexistent. Briscoe, Robinson, and Ruige(273) believed they
ha&ý mad& it by the Noddacks' method of heating rhenium metal in chlo-
Tj",e(302), and double halides were then formed fromn it. This was sub-
stntiated by Yost and Shull(34 6 ), who heated measured amounts of rhenium
z.d chlorineý in evacusted tubes- These authors believed the rhernurn tetra-
chloride had at least partially polymerized to ReZCl 8 . The tetrachloride
was thought tc, form b-own or reddiih crystals and a blue solution. It was
reasonably stable.

However, Geilmnaun, Wrigge, and BiltA(34 3, 347) who worked ex-
tensivety in the field oi rhenium ; ....SC A, Iity, tLriszd to n ,^r .. " --.e the -c r

but could prepare only the pentachlioride and the trichloride. Analysis
showed that a mixture of the two latter chlorides and an oxychliride (also
possibly present) could produce a nsolecular weight easily miitLken ror
that of rhenium- tetrachio.-"i,

As deacribed abovew. rheniurm pentachlorid•., .eC15, was pr-epared by
the reaction of excess chiorin; en rhnrdum metOl, It is a brownish-black
solid yielding dark-brown vapors, It cannot be volatilized at atmospheric
pressure withwzt decRanpositizz,, Reduction at 400 to 500 C will produce
the trricbEide(AUZ, 343) and chlorine. Oxidation(306) produces oxychlorides:

I L - I . IAY'- __ I•la I -- i-
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J7-

3ReCir + ..... , 2i " i7" + NaR-e•O4 ISNaCI + 41-40,

~~J~~u~~ma rxI- ~r~i Acids cause a reAvclor
)rttlt type

10ReC15 " 'CI + 3H0 W 2H0.eO 4 + 8'2•eRCC3 + i3Ci 2 .

Neutral •,alts will form the rhcnichaoride of ihe umta I invc!-4d
added to the pentachioride. (340) Klemm and Frischimuth(345) found all)-
moniazes cou_, be formed in the system ReC15 - NH 3 , as with the tri-
chloride. The specific compounds present were undetermined.

Noddack(Z97) claimed formation of rhenium hexacldoride, ReCI 6 , and
Yost and Shull(34 6 ) reported it (along with the questionable tetrachloride)
as a result of heating a 1:6 ratio of rhenium and chlorine. It was not iso-
lated. Druce(3 4 0 ) doubts its formation with good reason, and no one since
has produced it.

The highest possible chloride, rhenium heptachloride, ReCl7, was
thought formed by Druce and Loring( 3 ,340) from the action of hydrochloric
acid and rhenium. According to Schrater(348) L]- Noddacks also produced
a green crystalline heptachloride. However, this chloride, too, could not
be separated and has not been prepared by more recent investigators.

Bromides. Rhenium tribromide, ReBr 3 , was prepared at 500 C by
combination of the eler!nents(270). It sublimes slowly at 450 C and forms
dark-green crystals on condensation. The addition or presence of oxygen
aL 400 C probably produces the oxybromide. As with the chlorides, the
system ReBr 3  NH3 shows formaduota Gf aiminiates: ReBr2 ° ZONHa,
ReBr 3 14NH 3 , ReBr 3 9N1_3 , ReBr3- lNH 3 . (345)

The tetrabrounide, ReBr4, is claimed by Druce(338) to have also
been identified, but no other evidence than his claim has been uncovered.

Iodides. The Noddacks( 3 4 0 ) were reported to have made the tetra-
iodide: Rel, but Rulfs antd Elvinr(341) failed to produce it after attempting
to do so by several methrds.

Sammnry, As a rpumrrmary of the known and the unconfirmed halidts,
a short tabulatio- is prnsienled on tUhe followivr page,
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r zC.1 n s Chlonrides Bromides IoC '

-A,

ReC17(?)

Physical properties of the more important halides are reported in
Table 9, The following summary also lists the common known properties
of all the definitely isolated halides:

Halide Nanus Color _MOC P C~ Denit~y Jimbwsc
E 1  WROlunlum nftxldMe - 124.6 - - 267
EWe Rhnium mxafiuoride Yellow 18,8 47.6 4.251 268.267,208.387

tC13  Rhnium tricbloide Violat black Sublims at 500 - 340

RedC5  Rheaitmn pentacbloride Brown black LDcomposes 340

tS t 3  Rhenium iribromide Green black Sublimes at 500 270

U4 Rhenium tnabromwde - -40

Double rhenium halides, or rhenihalides, are the salts ot rhenium
halogen acids, such as chlororhenic acid, H 2 ReCI 6 . Except for this, none
of these acids have been identified, but their salts do exist and are made
frorm consttens other than the acids.

Double Fluorides. Potassium rhenifluorude, K;ReF 6 , has been re-

ported by R-%&" &M Kvs•niw267?) .os a possible product fron rhenium hexa-

fluoride,

Dotable Chlorides. The afore- rneationed acid. HZReClt., was found
by the NoddackiOWc rsu:3 ut from the interaction of hydrochloric acid
and -he2L;,m daz•xeie, and its motct is th..t tf t?.pared y,

RWeCLr, also called potassuimt ch1or,3rhon-te, (Z-69) It is prepared by

r z L~A !NtTUC



t 11. S rn iec- H1' i-f iy droc-tl-

-0 t R GI + 4KCI iI.O+i,

'rniL- t+- . i r, o , L -, -e d to form otb'rr metal rheni-

',i ,f,< -h-tti4 h|+ idr ims3, ,•I+n he prepared froini the pente-
Shicrid :( I

)X~( If KCI w ZK(-ReCC 6  C- C1Z

jicIbjo , jd Stoddart(M73) obtained it by heating rheniumn and

potassium chloride in a stream of chlorine gas, and Schrnid(3rl) by elec-

trolytic reduction. Enk(274) found The yellow-green crystals had a density

of 3. 34; he also determined the equivalent and specific conductivity of

water solutions of the salt. It is only slightly soluble in water(302) and

dissociates according to the reaction:(g74)

K2 ReCI 6  2K+i + ReCl6--,

but it then hydrolyses. It is unstabie above Z5 C. (273) A quantitative
precipitation occurs if a solution is boiled, and electrolysis produces Re+2

and Re+4 at the cathode,

Two other double salts of the same elements were obtained by Krauss
and Steinfeld(353) and Dghlmann(350). These were K3 ReC16 (brown) and
K 4 Re 2IIA (ycllow orange). The iatter contained both Re+ 3 and Re- 4 .

Doubie chlorides with rnetal ions other than potassium have been

prepared, usually by the reactions of the type

2KP.O. + 16HCI + 6M1 m ZMReC1 + 4MC1 + 8H 2 0.

The double chlorides are here summarized:

Sait Color Reference

a Rr- C 1  Orange 343

AgRecl 6

RbReCi 4  
349, 354

RbReCI 6  Yel!w Pcrae 3504 354

CsReC-4 354
CI- eCl6 Yellow 350,354

TL-iReCit Yeliow 351

Hlg 2 ReCl6 Yellow , I

(NH 4 )2 .•eC?16  
349

A f•*, uug , L • ,df this type also excist, they wil} be discussed

!bitrr in t;6s repuort.
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Raa a z,-t u ras~ af,4- Dainanz'~ ~t4 Krc-,5s and Sene~-'-

brn S~ tancn 4 r'

Sat, P e fe i, erc C

Kr- Re B

Rb 1 Rcebr 6  Dark red- 3 S0

Double Todlidesý Biltz, et al. ,(355) preparred rheniuim hydropentiodic
acid, £f~el5 by the reaiction

XK.Re't + F12S0 4 a K2SO4 + HI + HReJ5

and extracted the ac-id with ether. This reaction is not possible wivth potas-
siurn rheniebloride' or rhe-nibrornlde. The more probable acid of this type,
iodorhenic acid, H2 Re16 , has not been isolated.

This potassium salt of iodorhenic acid, X/1 ReI 6 , was found by Briscoe,
Robinson, and Rudge(356) who heated potassium perrhenate, an excess of
potassium iodide, and aqueous hydriod~ic acid at the b.iigpoint of the
acid. The rheniiodide separated as crystals. Decoimposition of the salt
occurred at 300 G. Krauss and Diihlmann(350) also prepared rheniiodides
in Alike manner, so that the known double iodides are:

Salt Color Reference

KReI, Brown black 350, 356
aRC'1 6 Nlae 350

Cs2 ReI6  Black 350

Rheniumn Cxyhalides

Oxyhalides of a substance are tormi-ed WIIC;I a ilgz s !rubstitinted for
part of the oxygen in a metal oxide. For instance, with Re~t 7 , one of the
mGore comrnrnn oxyhalides is ReO 2 Cl 3 ' The oxide of R.<+7) of course, is

(1> yf~: r dc '§heL fir~st foxyfluoride prpte3was probYabjly RcO.FA,,
rheiumuxytc.f~c~ne.(277) It was prepared by hydrolysis (if thle hexzi -



(hi s•a, t with n•e ... tix-g Point 01
~~~~~ 6 6, Zut' ~n 4~nkb ) oro C! Or te Same conkp und, (dnd'

h'•e~trdi pc-tc-3siu prrhernatc With r&ydref31nuriv. .d to prktniuce the trxfxy
fluorider:

KReO 4 + 14F a ReO 3 F + XOI1.

Aynsley, Peacock, and rLcbin5on( 3 3S) prepared two more by a retc-tin
betwefen tlnr;iit -&ith. n..rn). rhenium dioxide, and potassiurn perrhenate.

The other known oxyfluorides are listed in Lhe fs4iowing tabulation:

salt Nairt W 3 Color Mkeace

PAOP4 Rhentium oxypmntafhaorude 34. OW 5$ Cram 338

bc0? 4  Rhanium oxytratfluorlds 3;. 7 09.? Coloutla 254, 17,971

RM)V 2  Rhenium oxydifluode - Colorless 2", 289

Ibog? 3  Rheniunm dloxytrifluoride 10-A 200 Pale yellow 33

it•OF2 Rhentum dioxydifluotide M58 - Cololeuss 2,*201
tO 3E Rheffium nriORyflorid. - Colorlists 2U.,287,367

yorides. The first oxychlorides were prepared by Brukl and
Zeigler(UZ7 by heating together rhenium heptoxide and rhenium tetra-
chloride. Fractional distillation gave rhenium trioxychloride, ReO 3GI, as
the first product. Geilmann, et a&., (3431 also formed it, but by heating
rhenitarn trichloride in oxygen. The substance is a colorless liquid, freez-
ing at 4. 15 C and hoiling at 131 C. It is stabie bui will hydrolyze:

ReO 3 Cl - HzO n 14CI + HReO 4 .

A second product of the distillation is rhenium oxytetrachloride,
ReOCI 4 , which can als0 be prep!rwdv by heating chlorides in oxygen:

6keC13 + 50z so 4ReOCQ 4 + ZReO 3 C1,

or in air:

R•.•5 +5a 4ReOC 4 + ZReCO Ci + 61Z

Either ths trichloride or tOe pentachloride can be used. Heating the oxy-
tetrachloride in oxygen yields the trioxychioride:

L:eGr 4  J P . ' 3....
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• - "• of brown cry.-3tas rne-ting at about 30 C•

sheniun dio.-idt, It w4a al-o ftouind thin aa ii•,onia -ided to the -_-Ciid U-).tiy-
te-.~hiille podý-&f firowv st4'ie,_k ReO(NH )-C,!,, which will dilzH a i . ... :j 1:' _t'

and Rtadg o -v "Z t Acel i-ranb o-'I

(Z) ZReCJ 4 + ? = ZReO 2 CI 3 + CI ,

(3) ZRe 2 'O5  A 6Cz v 4ReCC 3 +

but the authors specify (1) as the best method. The salt forms needle-like

red-brown crystals and nlr--ts to a yellow-brown liquid.

Brukl and Plettinger(359) carefully solvated rhenium oxytetrafluoride

in organic solvents with :small amounts of moisture present. A blue pre-

cipitate occurred, having a ratio of rhenium to chlorine of !:Z, but a varying

ratio of oxygen to hydroxyl ion. The product could not he isolated, but there
is a good possibility that it was rheiium oxydichloride, ReOCl 2 .

The oxychiorides and a summary of their important properties follow:

W_.t Name Color and Stume 1 C FPm C ince

ReO3CI Mhnel= rloxychlordc Colorless liquid 4.5 131 269,275

eOP3 MRhnlium dioxytricbl•cide Icýd :brown solution 23.9 So00o 302

8OC04  Rhenium Oxytetachb1mir Bow solution 30 223 275

DOCI2 Rterniuu oydichlorlde de soltion - - 3bO

O domwes. Tlhree oxybruaid- have be~ i reported. Brukl and

ZeiglertAo treated rhenium with oxygen and excer• bromide to prepare

the tricxybromide, ReO 3 Br. Th•is is a white solid with a melting point of

39. 5 1. The reaction ii:

. C"" + J'">I- M Br onOBr,

Preparat-ion ol the dioxydibromr.i. ReOg BZ, wss more diffiiit ince the

c¢n-pound deconposed before it melted (40-70 G) preventing purificatiun.

Thim caused it to retain. an exces d iA12 per cent of Lro•nine. Ut has also

eATEL F.E M C M AA



I A :, ,i-_that tbc dbLi orins a red solution. No
:-yhrunide: are known.

N•c D�.-• I" Xnd s• MP2  .• tFPr C fe,-ence

Rr'2B,23 Il•eTthir dtoxv4ibrornide s at 60o.'! cl J 60

.'-g0 br ui x-.i•nna t bp oMru6 , .W39.5 itI:i 360,

Oxyiodides. Nu uxyiodidcs have been reported.

Dnible Rhenium Ox halides

Double halides of many of the rhenium compounds have been prepared

and here reported. In like manner, double oxyhalides of the rhenium oxy-

halides exist.

By the reaction of hydrochloric acid with potassium perrhenate and

potassiuha iodide, Jakob and Jezowska(300) prepared potassium oxyrheni-

chloride, K. ReOCI 5 . These yellow-green crystals hydrolyzed in moist

air and were soluble in dilute acid. They hydrolyzed on fu.rther dilution,
and heating caused decomposition.

Ammonium o'xcyrhenichloride, (NH 4 ) 2ReOCIk, was prepared in the

samet manner utilizing ammonium instead of potassium *l&ts. These crys-

tals were also greenish-yellow colored.

Several other double oxyhalides have also been found; all are listed

below:

Salt Color Reference

K2 R~eOC 5  Yellow green 300

(NH 4 )ZReOCI 5  Yellow green 300

K 4 R•2.ZOCI1 - 349, 353

(N.4 4 )4 Re OCt 1 0  349, 3
'gjPe! ? 047-1 - 353

KZReU•-r 0 _ 301

Double jRhniin droxyhalides

In the ci- pr•-r~u ion of -henichlorides and uxyhalides frunm

pzý,.rrhenic and hyd_...chiori,- 4-- and th.. . . ta. iodide, _.tT -'_

C'3ATTELLF M E M O R I A I FN;i- T UT



I-rhenihsiiArs wtrnfl one cr moitre vruýii

~~le eýs -- !u~ Ac'z Ily tbt~y tay- be consgideredi i fozm by
hydroy v2;i k- a rhenich-oride % as rLw .

K~e-l W6I E Reck -"SC + MCi'
S, • ..... )49) and jakob and

:C'Wsyka(36•- -7 62 identified Some of the.•e substances The lattcr dcc-
.. Au"cd hya, i .... acid sohitions oi potassium perrnenate and iodine to
form a dihydroxvlhalide. The salts are:

Salt Color Reference

KzRe(OH)C15  Green 349, 350

K;O•e(C4)2CiB -361, 362
RbZRe(OH)Cl 5  Yellow 349, 350
Rb 2 Re(OH)2zCi5 Grae 35C
Cu2Re(COH)C1 5  Yellow 350
C• 2 Re(OH)ZC15  Yellow 350
(NH ) Re(OH)Cl 349
Cs 2 te(OH)Br 5  Red 350

Rimnlum Curbmnyk Halides

These are compounds of the type Re(CO)3 X, of which the most common
is Re(CO)5 CI. This was prepared by Schulten 63) by three different re-
actions, all at Z30 C for 30 hours under SO atmospheres pressure.

(1) RedCI 5 + 4Cu + 9CO a Re(CO)SC1 + 4CuCl. CO

(2) ReCI 5 + ZCu + 7CO t R.(CO)S-1I + ZCuCI- CO

(3) K Re01 2 ;f- 3Cu + SCO w Re(CO)5 Ci + 3CuCI- CO + ZKCI

The rhenium pentacarbonyl chloride is extracted with ether, appearing as a
i(ne graylih pc,=der. The iodide and bromide salts can also be prepared by
identical nethhodý. All are odorless, insoluble in water, .s are deco•.-
posed by hydrogen peroxide-sodilun hydroxide mixtures.

N•ie:, Schuh, and Fuchs(364) also tried to make rhenturn carbonyW.
They repeats-ed ,2e rnethods P.• flttuln a-, als derived new methods but
"were &t first unsuccessful, Evintually they were able to prepare two con--
pvounds by the reaction:

Re + CaCIZ + 6CO m Re(CO)5 CI + CuCICO.
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T1his was essentialiv tht e r' as býillceuite S 3rILAd c iro 4 A1g
teir'-eratilres and prPsxeRe() 5 1 e(CO};flr. I.nrl Re(CO) 5 1 could
be rnxitid t bytp ~~rJ ~~tyr n Wr 'i>t~v-cin

KReO 4 + CC14 + SCO x- Re(CO)5 C1 f KCI + COCI2 + 3COZ.

_± nh•._ . -..... a -t high tpn-,neraturt! ind prv'; --. One halide can also'
be rade by anothtr re:action:

zRe(CO)5 0 + i3 nZ~ cC)1r*

The boiling point of these compounds ranges from 90 to 140 C decreasing in
order fromn the iodo- to the chloro-compound. This represents steps of
increasing stability.

Hieber and Fuchs(279) then found that rhenium carbonyl, Re(CO) 5 ,

could be prepared by two methods, neither of which involved removing
halogens from the halide carbonyls. Either potassium perrhenate, rhenium
heptoxide, or one of the lower oxides were treated with carbon monoxide at
200 to 250 C and 250 to 270 atmospheres:

2Re 2 O 7 + 20CO = 4Re(CO)5 + 702.

The crystalline carbonyl is pseudo-tetragona. and resistant to acids
and bases. It melts at 177 C, but is decomposed by nitric or sulfuric acid
on heating (400 C). The presence of sulfur causes catalysis and may in-
volve formation of compound, ReH(CO) 5 . The carbonyl is probably dimeric,

existing as [ Re(CO) 5 J 2 .

Sulfur Compounds oj Rhenium

Rhenium, like any other metal, forms two types of sulfur compounds,

the sulfides, where the metal combines with sulfur alone and directly, and
the thiosalts, which involve the metal, sulfur, and some other element.

Thio-Salts

reit(318,365) treated saturated potassium perihenate solution with

flydi� 5 cf rif. A yellow Polution appeared which Feit reported as a

thiope r rhenate:

KReO 4 + H 2 8 . KReO 3 5 + E•.

This compound hydralyzed, forming monothionerrhenic acid-

Wl'f.n.S + HO n HPReO$S + KUIi.
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Sulf ides~

Noddack(2,9'7) originally reported thut t-he action of zq yrnz;cn "l~fidC on
rhenijun produced threc su.Mfdes, Rr 2 S7 , Rt&-A, and ReS2 . This view was
supported byr Schacherl(102), whio stated that rhenium disulfide was the
only one of the three that was stable.

Rheniurn -vptasrUide, RepS7. This was prepared by preciyitatit-I
when perrhersate solutions were treated with hydrogen stdfide:(Z7 , 306, 366)

ZHReO 4 + 7H 2 S u ReaS7 and 8HzO.

However, there was some difficulty in securing a precipitate and the re-
action was not thought to be quantitative, so Briscoe, Robinson, and
Stoddard(27Z) prepared the heptasulfide by treating potassium perrhenate
with sodium thiosulfate in acid solution. They claimed this method was
better than the hydrogen sulfide precipitation. Silta and Wiebke(366) re-
futed the statement that the hydrogen sulfide precipitation of rhenium hepta-
sulfide was not quantitative. They prepared the heptasulfide, and found it
to be a black powder, easily oxidined in air. Its density was 4. 866 and it
decomposed exothermically at 460 to 480 C. It was nearly insoluble in
water, and was attacked by nitric acid.

Rhenium DisuUi±ELA. Rhenium disulfide may be prepared by
heating the heptasulfide in nitrogen or carbon dioxide; sulfur is sublimed:.+ 6 )

(a) RezS7 a ZReSZ + 3S.

The disullide mr.ay also be prepared directly from the elementz:

(b) Re + V9 la Resz,

or Oy thn znthod of Tiede andrn]Jgg(wl who heated -hciu-wrn me•tal and
the tptatuiafide at 1400 C:

- 3Re + -:_eqS n 7ReS,,

In Method (b). a pressure of hydrogen sulfide musit be ZnfinVaiomti•

SA TTE CILEI M WhOR;A L i N Z TE



-['h i di fiific is n uitt 4ab1',; LL-,'_ ' t-, '-,A ý} } It: - . i d i' did d t de
onti'~l htated a-bove 1000 C, it vnk,% ýAiAclk andc pussessFd a e-niy-l

4ReSP 4 150i a ?Ile -O*'7 4 S

-i-eating in !rdrogeu "orced r. .d.... zi to, th- !eijI

C I z1 a Re+ ,,4:S.

Rheniurm Trisulfide, ReS. The trisulfide, ReS 3 , mentioned by
Noddackkg9-)and Schache~hilO•, has not been prepared since. Its e.Nistence
must be considered questionable.

The sulfide compounds are valuable in the chemical analysis of rhe-
nium,, where sulfide precipitation for the separation of elements is common.
T.hin. vubject will be .covered completely in the Analytical Chemistry sectiun
of this report. A surnmary of the more important rhenium sulfur compounds
that have been idcntified fnllows:

CoMpund Nae Color el Reference

Ae Rhenunm disiftdc Black 7.5 102,297,366

RE2Sq P•hbeum hepa•aslfide Black 4.866 102.297,366

HMeU 3 S MoAw--th~ citc acid - 318,363
Potassium thiopcdemnate Yellow - 318.363

TIReO 3 . Thillium thtoperrbenate Yellow - 318

TlRS 4 •hall~itur thl'othenim - 318

Pb(1•O 3 S)2  Plumbic thiopelrhenate Red - 318

Hg.ReO3%S) 2  Mercuxic thioperhenate Yellow - 318

Miscellaneous Inoraganic Compounds

Selenides.

Two sckiidzs zf riheniri'n have been prepared by Briscoe, Robinson,
and Stoddard. (" lj. arc an2.ago'uv to the slifides and axe forrne in
the same e
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W-cnii:. -• I.Iie c .z -;-, L, hea t ed f or nine
ho-icrs at _30 C t in vacuunk, re1t,.ctio. to the dW[aSneblende occurred:

Phsp id s/e7=...e 3,

-caraldsen(367) heated rheniumr and phosphorus together and observed

cot-pound formation aZound and above 780 to 800 C. The possible com-

pounds formed were:

ReP3 RheniuP triphosphide

ReP 3  Rhenium diphosphide

ReP Rhenium phosphide

Re2P Rhenium subphosphide

Sillcides

Only one siljciae has be-en reported, and that, the disilicide, ReSi 2 ,
by Walibaun. (368) The compound is isomeric with mnolyhdenum siuicide,

Arsenides

Weichmann, Heimberg, and BiltP (369'370) studied the system
rhe,•i•'m-arsenic. They reported only one compound was formed, Re 3 As7 .
The arsenide decomposed at 780 U and no iu•rnediate conmpounds were
fornmed. The affinity oe rheniuna for phosphorus is greater than the affinity
of rhenium for arsenic.

Rhenide s

cli, :o-.-&- that_, rhenium existed in the Re-I state was discussed
in the Valence States sezrion of this report, i.ufls-, and I.PI'iag(37'), assum-
ing thai. Rt -v wcl-dd .- li.ke a halide, attempted to sepaa ate insolui silver,
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It 'fit The rhenide ion proved too strong a "ucIng
!!:- - ;0 i not ,,.duccd by Re-1, was assayed as the tation.

F.videntiv TH, ,-, prep.,,ced in solution, but could not be precipitated he-

cault' ij.' , , c .;mld IoiHi•i brornide, also present, are less solu-

Alkanes

Trinithylrhn itn This t rialkylrteniurn - corwound was
prepared by Drucet2"tTo) [....... -ing I he I r bin r ldc t rhenium with a
Grirnard reagent:

ZReC13 f 6C, 1-13Mg I ZRe (C H )• ! M ,?.• 1 - 5MgC I .

The organic is a volatil., c,Irie-ss, infl.,nm.-ble oil, hedvier than
water with an ethereal odor. it boils at 60 C.

Triethylrhenium, Re(CH )-j. Druce c!aimed(372) that he also pre-
pared this compound in like manner to the triniethylrheniurn. It had the
same general proper" - 3 the methyl cormpumd, but boiled dr 30 C.

Other authors(39,t, 373) have also tried to formulate these organics.
They were generally unsuccessful, and stated that rherniurn c.>ifztide cata-
lyzed a reaction between methyl magnesium iodide and methyl iodide, pro-
ducing only methane or ethane as product. Druce' - explanation of their
troubles was that "impurities" caused the failure.

EyLridine Perrhenates

Copper Tetrapyridine Perrhenate, [Cu C5H5N)41 (Rc42. Wilke-
Dorfu7't and Gn_.,-_•ert( 3 3 3 ) isolated this compound after treating pyridine with

cupric chloride and perrhenic acid. It is a biue czystallhine salt, slightly
soluble in water and possessing a density of Z. 338.

Silver Tetrap-tridine Perrhene. A N ReO4. This was pre-

pared by the above investigators in the san-e marner. It is unstable, yield--
ing a pyridine group, CS1SN• to form tripyridine perrhenate, also an

unstable complex.
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Tripyrid yl Perrbenate, C(c 5 - 5 HrN- C511514. llieO4. Accordivx- to
ce(3 3535 he), were prcPard by Turkiewicz2!L) and reported bv

Margan(374). 'iie subs aiice- --Cparate from a solution of th! pyridine base
An perriienic and ocetic acids.

AlklOie

Rhenium Triethoxi and deh,. u Tu - r"•- vixide.
tefOC-H,71° Sodium ethoxide or sodium propoxidc were treated by Druee1375)

wiZt rhenium trichloride:

ReCI 3 + 3NaOC 2 HS i 3NaCl + Re(OCZH 5 ) 3

ReC13 + 3NaOC 3 H 7 w 3NaGl + Re(OC 3 H 7 ) 3 .

These organics are brown solids decomposed by water, acids, or alkalies.
They are stable in air.

Organic Halides

Turkiewicz(294) has already been mentioned for his preparation of
pyridyl perrhenates. In addition, he treated the pyridine base with chloro-

rhenic and hydrochloric acids, causing formation of three pyridyl chlorides:

(1) 2, 21-Dipyridyl Rhenichloride, CsH4 N- C 5 H 4 N- HZReC16

(2) Bis-2, 2'-Dipyridyl Rhenichloride, (C 5 H 4 N. C5H4 N)Z HZReC16

(3) 2, 2', 2 "-Tripyridyl Rhenichlbride, C 5 H4N. C 5 H4N. G 5 H 4 N- H2ReCl 6

The dipyridyl salt (1) appeared as yellow needles, and the bis-salt (2)
as green ones. The bis- and tri-salts, (2) and (3), are only slightly soluble

in water.

Numerous authors have prepared other complex organic halides. Th'he
formulas, narmes and references for many oi these coar- pun. have hoen

compiled in Table 12. Lebedinskii and Ivanov-Lmin(37 6 ) claim that their
;table complexes are the fir-t examples of rhenium in the cation.

~ 2Pi Tic-~ru-,vlP~~iii'.~i~~ ~O'~~-i j ~.This was prepared
Ly YHibI .h d duch•(37

7 from rhecnfurn carbonyi anid pyridine:

f T T Z. + L t E-. M 0 n- I A L ! F- 1 I ll
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(76 g- U-ijK-~C1 YeIiow awiosz A E' avies IS

______Schniid 370

((C6H4N- Ct 4 N) 2 Ii2 k'CC1 Mot~gan and Davies 61

5jsJ,2'2-dtpvryi Turkiewicz 2

CIS C, OeTurkiewkz29

C2H5Rt(OH)CI13  -Druce37

Ethyl rhenturrn h dtaxychlarlde________________________

C3HReiO'1)Ci 3  -Druce 376

1 beium bydxCxychi d e _ _

(C6SH4 CH3NH3 )2 H2PxeCIf Yellow brown Schmid 352
Di taluldyl rhenichloriO'

1CqH7N- CgH 2N- t12RCC16  Yellow brown Schmid 352

Di-qtutnodyl rhenichloride

C5SHgN* C5 H4 N- CS~yi 4N- H2 ReC(I 6 H-20 -Morgan and Davies 51

I Pf02(C2 H5 (NH 2 )2 )2]Cl Yellow LjebedinskU and 376
Rbeniumn dioxxdieth eriediamrnie chloride IvanoY -Emin

IR0(25N2221Yellow lebedinskid and 376

~ Iod~d~ vanov-Emin

rRC~ikiI)C2" 5(N 2 )e2 IC12  -Lebedinsidi and 375

Rhbe-plum oxhdo~tyndfmp-dclr Ivariev-Eminl

(Re(OH(G. 2 H5 (NH2~)2 ]i1?tCl6i - Lbedinsidi and 375

Rhenium oxybyciroxydieih lenedl-irine p1adnidalclrde Iao-it

I *-f0WXC2H(H2C)- 2J1CD' NO 2 )0 Lebediflaki and 376

Rheaiumr' oxy' hydnoxydiethyir'nedfianine cobaldlrt-::n1 Zvanov -Emin

ff W0Ct iHt(N"2 ) 2?}91CIq Blut Lebedinskil and 376
~ *xj~ - j, aaov-15nin

(C9 H7N)4 RC~2 0Cl1 0  464w~~ n

It. zow"M 49

- l~uLe 37i

T "
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i-n.- .n~c- ase can n-r.bcýrIrc,~11

u-i-~h~nnthrlinealso t;ubt'ijtutfcy- in ar- ~lu,&uus- manner- to u iie

•.!'r! rr-a• L • Ltcin._n cc t..d •-{ oi-nip1r ,,-~ arir-nO plt I than with y' c icdirne itself.

Oxy c ye nId e r

In 1935., Morgan(3"?1) pr'udute•d r:compr.plex organic cyanide, potassium

rhenium ocycyanide, K 3 [ReO(CN) 4 j, from potassium pe rhsnatc. The
dioxy-sait was Fx-eparcd next by Klemrnr and Frischmuthk2 8 l from potassium
rhenichioride, potassium cyanide, And hydrogen peroxide. This salt,
X 3 [ReOZ(CN) 4 J, occurred as red rnonociinic crystals. It was soluble in
water and stable up to 300 C. The density at 40 C was 2. 704. The thallium
salt, T13 [ ReO,(CN) 4 1, was also made by the same process. Later, Morgan
and Davies(Sltmade the hydrated salt of sodiumn, Na 3 [ReO2 (CN) 4 ]• 218 20,
and also potassium sodirn. rhenium dioxycyanide, K3 Na[ Re0Z(CN) 4 ]. 6HzO.
Morgan(374) had already prepared the tnonoxy-salt of this series. Druce(371)
reported that Turkiewicz made a partially hydrated compound, K3[ReO(CN) 4 .
OH], from rhenium dioxide and potassium cyanide.

Holemann(378) produced mnany of this typ: of complexes, but never
analyzed them. He did, however, report that the average valence of rhe-
nium was about 5, and evidentiy prepared rhenium oxycyanide salts of
silver, copper, mercury, and lead in addition to those light-metal salts
already reported.

Tribalat(379) studied the reduction of perrhenates with potassium
thiocyanate and stannous chloride, a reaction typical of the type leading to

preparation of these salt2. Sh. found that:

HReO 4 f VICI + SruClZ + KCNS v Re+4 .

The reaction is quantitative if the hydrochloric acid is tour normal. At this
point, the stannous chloride reduces the Re+7 to Re+4 , If the acid is one
normal and e-xcess 3VnClz ta used, Lith•-+4 anA Re+ 5 are present.

The oxyyides are summar-ized in the tabulation o-n the following



A C - C

K -j ReOfCN) 4IO

RNa[ aeON(C_ N! Pink 1I

Ki 'NaI ReO.(CN)j]6HO R.d

1d3[ R(CNI jZHO Y V t~11~,~'

Ti3 [ Reoo2 (CN) 4 ] - 28

3 R e0(CN) 4 ]j4H'ZO - 51

(C 1 3 Iq 9 NH) 3 [ RcO 2 (CN) 4 ] ZHZO 5i

(C: 1 3 H 9 NH)Hti ReOz1(CN) 4 1 51

(C 10 148 N 2 H 4 3[ReO2(CN) 4 ] 2 3H0O 51

(C 1 0 t " 8 N2 H 2 ) 3 H[ Re O2 (CN) 4 ] 24HZO 51

Thiocyanates

Druce(380) and Miller(381) prepared the only reported compounds of
this type :by the &dliowing reactions-

!HRe 4 + IOHC. + SnCI 2 w 2ReOC14 + SnCI 4 + 6i-20

ReOCt 4 + 4KCNS w ReO(CNS) 4 + 4KCI.

Rheniarm oxythircyanate, ReO(CNS)4Y is a dark-red crystalline material

which decomposes t., a yellnw organic sublimate and residue when heated.
Organic salts may be easily prepared, so Druce made the double derivatives
;D p~yridine and quinoline, analogous to uranyl salts of the same type:

Salt Color Reference

ReO(CN ) 4  Dark red 3,8:381

(CH5 N. HCkS)ZReO(CNS) 4  3 80

: R-O(CNS). 380
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Nodda Jk(297) fir.rt g - ;u-:lt rhc :,,r . . .. .- iiiunaui shed from

ioiv0dentii-. 1y tilc Ioriaior of a ycIioW-rccI L-lot ..- _I o .i 51unf ttlI-
cyanatc was added to a rhetilurn- ontaining solution.

Geilrnann and Bringer(38?) then showed that ci;iurn and rubidium
perrhenates would be dyed red Jf pre ipmtatecl in the presence of MnO4- 1,
They claimed that 0. 00025 m• of rhenium could be detected in 0. 00035 cc
of solution by this method.

Nitron is an organic precipitant often used in both qualitative and
quantitative determinations of rhenium. Kronman and Bibikova(383) added
nitron acetate to a drop of acid potassium perrhenate. Gelatin was Super-
imposed on this, and titanium trichloride added on top of the gelatin. The
titanium trichloride diffused down through the gelatin and caused the nitron
perrhenate crystals to be dyed brownish yellow. Another author(384) found

that hydrogen iodide and an iodine crystal will give dark cyrstalline pre-
cipitates nf the form MZReL6 if added to ReO 4 -ion. Salts of potassium,
rubidium, cesium, thallium, mercury (ous), or silver are those which, of
course, must be present to provide the M+ cation. Molybdenum and tungsten
interfere.

One of thc earUer m•thods was the borax bead test, to which rhenium
imparted a black color if heated in a reducing flaine. (385) Yagdak38 6 )

used a _cadium carbonate bead. If more than 50 per cent !ranganese was
present, rhenium caused a black to yellow to white color change in the re-
ducing flame. Any flame was usable if there was no manganese present,
and tungsten or molybdenum did not interfere. 0. 015 mg of rhenium cou.-
be detected.

Stannous chloride will reduce teil-tntez, such as NaIet U4, if rhenium
is present to cataiyze the reaction, A black precipitate or color will result.
Poluektov 81 l3 detected as little as . OZ5 x iG- 6 gr'am in .05 cc bV this
method, but rnolybdenuin and other elerents intexrfred, This pro.bl-sm. can
he snive.4 by first distillinp the rheniumr, from the impurities as the hefstux-

4t, ftn Afssimovr-V , used the &&me type of r ZnIkstZ 1nxt adde- c.'t iati-i

1'4 ,r~izn withm A~2 i O..n nt-ri Wasn( ;Ael .

unEt ilnratc
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ftJ.e to as low as 5 x 10-6 granm of rhenium, but these reaieiiLQ du i!e

e: ,with -!ybdcnum (Ani) Dlte, inMdine ji-'er.s -Ž urscn color witn rnolvb-
- rp r ur)j Y,'s f1tolk ron ir .- i. -1011 Sr-''~ rersrnt,( 3' 3 0 )

or thallium, nitrate will deeect sniall arnounts of .c ,ium as bluish crystals.
Acridine is also used, but pyridine- is better. (3q1)

Wenger and Duckert(392), in a general evaluatio of qualitative data,
found that two tests, that with stannous chloride and sodium tellurate or
another with stannous chloride and DM0 (dimethylglyoxime) which produced
a yellow color, were the only fully satisfactory methods of detection.

Several authors(393, 394) have suggested methods for preparation of
rhenium salts, followed by confirmation of their occurrence by microscope.
Hurd, in Scott' s Standard Methods of Chemical Ana!lysis (395), recommended
the following procedure:

(1) Precipitate rhenium heptasulfide by acid hydrogen sulfide.

(Z) Remove molybdenum by addition of sodium sulfide to (1).
In this step the molybdenum will be extracted, the rhe-
nium sulfide remaining insoluble.

(3) Digest sulfide in sodium hydroxide and hydrogen peroxide;
a soluble sodium perrhenate will now be present.

(4) Filter off any hydrated oxides, Concentrate by evaporation.

(5) Add solid cesium chloride to one drop of Solution (4).

(6) Identify the resultant crystals of GsReO 4 mnicroscopically.

Several other final precipitants can also be used, such as rubidium
•!_rhdr Geiniann and Wri2g7e(394) precipitated and identified the crystals

characteristic of double chlorides, pre!pared from acid solutions of rhenium
t'ri chloride by addition of rubiidiunm, smu', pyridino, quinolinet, acridine,
anti otCS, ;SJLg, of thc type K% Re(;I,1 C.&ReCi 4 ; and C 6 H5 NHReCI 4 are
nrndiitced, Photornicroqranhr ola few of these c rystals are reproduced in

Figure 12.

ualiti-, re

Cluzi:J.- and1 c. ti uc rcacti.ns wre s•udied at at, tarly date by

i'A. f 1 iI I I Ia II "I "
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but those with the open tube were, evaluated as good. Very small quantities
of rhenium can be determined. If a test tube containing rhenium -.s heated,
the following will occur:

(I) A bluish oxide will form near the test substance, particu-
larly if sulfur dioxide is added. Druce(385) suggested that
this was the oxide Re 3 0 8 .

(Z) Farther away, yellow hygroscopic crystals of rhenium
heptasulfidc -orm.

(3) White drops, possibly impure rhenium heptoxide, appear
on the coolest part of the tube.

(4) White, odorless fumes at the open end of the tube color

the Bunsen flame yellowish green.

(5) The oxide deposit can be dissolved in water, perhydrol,
and ammonia. Treatment with potassium or rubidium
chloride yields potassium or rubidium perrhenace.

If rhenium compounds are placed on charcoal in an oxidizing flame(385),
fumes, a green color, and a bronze-red deposit are formed. Geilmann and
Wrigge said this and other flame tests were poor.

yoe(397) added the following reagents to rhenium solutions in the
order given, and noted the color changes. The solution was first prepared
with hydrochloric acid and ammonium acetate. Then "aluminon" (the am-
monium salt of aurintricarboxylic acid) was introduced, causing formation
of a red solution. Ammonium hydroxide turned the solution pale yellow,
and ammonium carbonate destroyed all color.

Potassium thiocyanate and stannous chloride were presented as
reagents by Geilmann, Wrigge, and Weibke. (398) As little as 0. 5 x 10-6
gram of rhenium could be detected. The thiocyanate was added to an acid
solution containing stannous chloride. The presence of rhenium was indi-
cated by a yellow color: ether extraction removed the yellow complex and
evaporation of the extracted tioution lef(t a red solid. This reaction was
modified by Hurd and Babler(399) and, in a general study, was later stated
by Hurd(400) to be the best laboratory test for the detection of Re+7 . Hurd
also found that ethyl xanthate would separate molybdenum from rhenium by
formatior. of a molybdenum cornplex;, removable by carbon tetrachloride
extraction. The rhenium is then free to be detected if present. This re-
action separates Group III elements in the analysis system developed by
Wenger, Duckert, and Ankajdio. (401)

Hurd(400) .discovered that rhenium will appear in the test for arsenic
ussing the system of Prescott and Johnson. Their te:xt(402), noting that

e' A T T E ýL L E M E M O' R I A L I N S T I T U T E
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rhenium belongs to the hydrogen sulfide group, suggested ..... ,y
fusion of the heptasulfide with sodium hydroxide. In the absence of chro-
miurn, _._,anganese, rubidium, and osmium, a yellow color appeared. Water
extraction and precipitation of amnmonium or potassium perrhenate give
further proof if desired.

Rhenium can be determined in Noyes and Bc, 's system, although
much rhenium is thought to be lost in acid hydro,,-, sulfide precipita-
tions. (403y 4-04 Howere r, this can be avoided, ai,. final detection by
stannous chloride, potassium thiocyanate, and hydrogen sulfide is recom-

St azadc d.

Geilmann and Bode(405, 406) have recently compiled extensive in-
formation on the techniques of separating rhenium from the hydrogen sulfide
group and other metal ions. Some of the methods for cation remuval follow:

(1) A&+I-Precipitate as a chloride or metal from basic solution.

(2) Hg+,-Precipitate as Hg by hydrogen pproxide from basic
solution, or by reduction with hydrazine.

(3) Pb+2-Separate as the chromate, thiocyanate, or thio-
sulfate.

(4) Bi+3 -Remove as the oxychloride or phosphate.

15) Cu+2-Precipitate by hydrogen peroxide from basic solution
or remove by electrolysis.

(6) Cd+2-Precipitate I y 8-hydroxyquinoline.

(7) As+.5-Remove as (NH 4 )3 AsO 4 .H2 0.

(8) Sb+3-Remove with thionalide, or separate the rhenium by
hydrogen sulfide.

(9) Sn+4 -Separate by boiling in a buffered acetate solution,

(�1�)Au+l -Separate wit sulfur dioxide, hydroquinone, or

oxalic acid.

(11) Mo+ 3 -Precipitate with oxime.

(12) Ge÷1-Separate as Mg2GeO2.

(13) Se+4-Rernove by reducing agents. Not usually harmful.

(14) Te+4-Precipitate with hydrazine and sulfur dioxide.

SA I EL L M EM 0P1I AL I N T IT UT E



.93-

- ~~~i - . -c-

tnsm- rf te hrt n h r~' ~ g~ri~. ! ~ asence &cr
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Geilnmann and ?ude(4Otý 406) Jhave recently cotnpilcd extensive in-
formation -in the! rec hnuwrl+' ot separating rhenium fromi tiic- hydrogen :sulfide
grouap anid othegr mnetal ion~ Sme- of the nw~tbod5s for cation removal follow:

(1) Ag+l-Precipitate as a chloride or metal from basic solution.

(2)+? HpPrecipitate as Hg by hydrogen peroxide fromn basic
solution, or by reducticn with hydrazine.

(3) Pb--Separate as the chromate, thiocyanate, or thio-
sgulfate.

-4-B+3 Remove as the oxychioride or phosphate.

(5) Cu+S--Precipitate by hydrogen peoiefrom basic solntiaa
or remove by electrolysis.

(6) 0d 2 -Precipitate by 8 -hydr oxyquino line.

(7) As+5 -Remove as (NH 4 ) 3 AsO 4a 31z0.

(8) Sbt*3 -Reznove with thionalide, or separate the rhenainm by

hydrogen sulfide.

(9) SnEý 4 -Separate by boilling in a buffered acetate solution,

d 1 t ioxide, h-ydroquinctne, or

owa-li'r, acid,

(it)~~+3-Prcipiatewith oxlyne.

(12) G e liZSeparalte as MgsbGCOi.

(i 3 Se~ 4 -Rnwv 'o reducingt agents, Uiot uwalady hAin~iitsl.

(14) Te+4 -Frecipitate with hydratzine and sulfur dioxide,
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- m~h1..~-~¼~s-]thr inIstrUm.ent wo-Pk.I dietect a
} < m•-t,.: ,jVP½ T'h rhenium must be present 1s the sulfide. This

work c-$ Hryror c.t s was separate from the discoveltry claim (which was
•ater Ab cga .) ar.di$ Uconsidered fully accurate.

2!:ct-i ni~e and spectroscopy were atilized by Schleicher(400), who
, .n.Ž1_ Alunic of soltion with a copper wire as cathode. The

unde vas a platinumn crucible lid which contained the solution. After eicc-
trr3dysis the residue and solution were evaporated in an electric arc giving
rhenitim spectral lines.

Surmmary

Table 13 I.-ts a number of characteristic qualitative reactions, in-
chiding spot tests, special methods, and some of the general methods. A
few reactions not discussed in the text are also reported. Where possible,
the test is e-raluated.

Many of the qualitative methods presented herein are either inaccurate
or too complicated. However, most authors agree that the microscopic
identification of crystals is a positive, straightforward method. The chemi-
cal reactions are simple and few, and a permanent pictorial record of the
crystals can readily be maintained.

Quantitative Analy-sis

Chemical Methods

The first significant step in the development of chemical methods of
quantitative analysis was tak.n by Geilniann and Voigt(86s 412) in 1930 when
they appiied the urganic hasw, nitron (1, 4-diphenyl-3, 5-endo-anilino-4, 5-

21', i. foriez0- l ad for determination of nitrates, to
the analysis of perrheuates. Slightly acid potassium perrhenate, treated
with nitron, fornea very n ube p•ipitates in water 0. 18 mg/I) and
even k6a Zoluble -. nes in the presence o0 nitron acetate, The rhenium is
normally determined gravin••tzically as RJ+ a td can be recovered. If

9;bden .i• pescnt.• it interferes, but can be removed with 8-hydroxy-
quinohnreI(4 ' ,4 1 4) Many mnethod,* t>) for th-e quaun .Oý'' *.-11c; iail ALiZ cf

rflefliu!n n.e ,itAron for thz final deterinationc no matter whAt the prior
3tfnft, Melaven•(33 however-, currently pro.nvcing rhaniuwi Ca•l at thOe
Ui~,versity o• :tressee 1 doea r•t •ecomn•ena n~ttzo.n• a• prefers th. or-

garuc• 2:-dr-:ole tetrar,~en-i n n.•u crloYide, to be discued below.

BiA.TTEI L¶LL.I ; MEWOPR IA L Ir N7ITJ TL



CT f

-v-h f± ep rt~r nhr~iui n nhJlybdrkii k ii th 1 LC- UX
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7,. .,',;.-'-:. 21";t-.-" jnits•{.c' wi•t then oxidized with alklinem hydrogen peroxide

-. •, 2 U vf-lr•li2 . ' _ j i t, be-.f2 l de'. i-a - <t ir 'l Z Cd with fh tr'n.O

It-I

i• ~ a .,l• •u b~ i + ,1 ..... . . .... . . co-- '-" I,, .. .. . .,n............... ......

insteiad of acid -oluticn, separatiun froni molybhle,. iinv wnuld occur ini that
s.r. . .had 1,ccn.' .... .. i1np r i Miulte- annd La'ande(417)

claimed that treatmeni. of pv:rrhentate 5oiutiona A-itl, hydrogen sulfiide undei
pressure produced a slow but practically quantitative precipitation. This
was done only with difficulty. Recently, however, it has been shown that
rhenium heptasuifide is appreciably soltible in alkaline sulfide t;olutions,
refuting the claim of Miiler and LaLande. (418)

More recently, acid sulfide precipitations have been carried out under
esa (419) Geilmann and co-workers(420) summarized sulfide precipi-

tations from various types of rhenium solutions:

Re+3 
- Precipitate fL:oin . 05-1. ON hlydrochloric acid solutions

at room temperature. A mixture of sulfides results.

Re +4 - Stronger acid solutions can be used. Rhenium disulfide
precipitates.

Re+ 7  cAdd warm ammonium polysulfide, then add acid. If
desired, rhenium of other valences can be oxidized to
Re+ 7 prior to precipitation. However, this mnethod is
considered poor., am the precipitation may be sulfur
contaminated.

ReAnY- Satucate with hydrogen esulide at room temperature,
then heat the closed flask to 100 C. Rhenium sulfide
will precipitate imder the pressure generated.

Geilrnann and Bode(421) have also devised a sodium thiosulfate type
oi suliide prRcip ., d n rhi y ro a-t

elevated temperatures has been suggested. (422)

Jirauss and Sttinfeld(424) found that thallium acetate, TICZH 3 0 2 ,

would uefar•t_ insouble thadliuz- perrhenate from Re+I solution. The
E2...........=. " aS gr•a.-metrtc ,nd chlnrdes interfered. Howe-ver, thallium

p6,.-rntea is soluble An cold water to the extent of 1. 15 &/n(264) ad, on
tis L; ias the rcZthnd cuannnot i= rc... ... -, A for ....... i ....

The volatility of rhenium heptcuxide i-s useftl tcr serparation irorm
...........................- at~ne n'wier-

est%4t NWithq flUIItA1±IL aCiC: in airT. JL V r-- ~ut--x.: -hýrg

etiE 4 rt Lt M ~ ; L_ ~ T I 1 r



Frectpntre rhenium as:

(21)lfbRCO 4  Red O~OMo
Cht Cs~eO4  Red Mo

in p e-tszce! of N-oO4 -t

()pers-iib~e reactious. Bluish oxide
Yellow crystals
Whiie droplet;
Wbitiz furnes

SX:1 9 and KCNS Yellow U Mo

CIQ and NI{4Ac pliis:
(I) Alminlort Red

(2) N4H4 0H P~ale yellow
(3) (N H4 )2 C01l Colorless

in *71[V-t !r

Nitron. N1 2 S. gelatin plu's:

TiCI3, Brownish yellow

HI '.'qo I crystal Dark precipitate Mo. W

(1 &C1 iFer Wend Red
(2)!SnCl!2 + DimethyIgyluxinu Yellow 100O

(3) Hear (2) Green

UP2, KfMf, 4 . RbCl Identify crystals by

-StIC12 and N4a-TC-0 4  Black 0, 025i V. W. As, Os. Mo

~C 3 bead, --- 1A 5IavAp to tikk1 yF1I~W L-) white 1
iiti fro reducing flamne

l~s ~h1 leOrainge 1.4

13CI ptii;: C-% pyi~i~ii' I'dent~ty ý!yVaia my

Tahit;ie-,4-dithol and r.CNIJ Gtienu 5

~ et and Vaaetile Wptuesirj bhm dyr.-.ll

N"' step, no Re to~Uz)~ C~AM

-~~ ~~tf;~~t Chatacmdulwic IUnea ~ A,~c

La,4yý 1,t C ct"IACVSrIC lnes f. I k r tfo
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el~nlt w~ ;~t~'6 hrough thle perrhcn'areý- -sulfuric '1n(".d ill

au-tapid .("tiilat iri. (?47. 4}5) Further &-;clpnwnts Otv I, r ) I,
now the method is to ak7idify the test solution with nitric andi bhv!r.r.-F,),Ii.
ncids, partially evaporate, treat with sulfuric acid, and steam distill.k-1

428)

Still other nmethods nave been reported br securing a rhenumn-

molybdenum separation. Hoffmann and Lundell(429) reduced the rnolybdenuixm
to an ether-soluble complex with mercury and potassium thiocvanate. T he
ether extract was used to determine molybdenum. Stannous chloride then
reduced the rhenium to an ether-soluble state, which was extracted and de-
termined. Hurd and Hiskey(430) varied this procedure slightly by extracting
molybdenum and rhenium together with ether, then removing the rhenium
by distillation. Geilmann and Bode(43 1, 43Z) studied these ether separation
methods, and recommended that the molybdenum be removed by 8-hydroxy-
quinoline. In this case, it was suggested that potassium xanthate be added
and the molybdenum then be extracted as a molybdenum xanthate complex
with chloroform. (414, 430, 432, 433)

Melaven and Whelsel(434) and Geilmann and Bode(432) suggested that
a-benzoinoxime be substituted for 8-hydroxyquinoline. Melaven had also
evaluated the foregoing methods. He found that the molybdenum xanthate-
chloroform extraction of Hurd(430) was satisfactory for qualitative but not
quantitative work. Ether extraction with steam distillation was satisfactory
for rhenium determinations in manganese ores, but not in molybdenite.
The mercury reduction method of Hoffmann and Lundell 4Z9) was satisfactory,
but long and detailed.

In the a -benzoinoxime method, the molybdenum was precipitated from
solution with the reagent and separated by filtration, leaving rhenium in
solution. Potassium thiocyanate and stannous chloride were added. These
caused formation of a rhenium thiocyanate color complex, the transmittance
of which was measured with a photoelectric spectrophotometer and com-
pared with a blank, thus determining the rhenium content. The method is
not recommended if the sample contains large amounts of molybdenum.

Willard and Srnith(435) found that tetraphenvl arsoniurn ion.
(C 6 H 5 )4 As+ 1 , formed the complex (C 6 HS) 4 AsReO4 with perrhenates. This
is a white, crystalline solid, insoluble in cold water. From 0.43 to 133.0
'nkiigr"ais •iSO 4'- c04 b' determined gravitnetricaliy in a moderate ex-

cess of the reagent, A potentiometric-type determination can be substituted
if desired. Precipitation is usually carried out in hot sodium chloride so-
lution. Nitrate must be avoided, but molybdenum does not interfere if a
few simple precautions are taken. A few other ions such as MnnO4- 1, -i-

Hg2 , and Sn+Z interfere. This method is presently used and recommended
by those(33) working in rhenium at the University of Tennessee. However,
consistently low results were at first obtained, so W. Snith and Long(260)
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dit . I I i wt> twuif \Ia Ia,~' With- water, The

Tnioditlea-t Ion1 IIII~'( i t- [qi la tIl . at tirateti b"ltiftjifm of tet~raphenfyl

arsc.niuni me rrhe~natr- Ifr \ktI\i viji-iAl corre.cted f1ins dlifficulty,
'P ib lat ~(543 7, -i .1) i, I I%,(i- I" 't- i V0 I yr ii rit i iiI 11n ( ri tr y,

also) has uised this n-ic tlicul rt-k sjl') ` P 'itl b conide~jr' thib1C SCCOS5

Anothr' rý orgyanic ha ¼- , i- nd ty dba.-int, has alsoa been
S IIgg sld IL,-o .a -i '1 1) Ltt' I y;Ic i

nat ion n iakv bt- acconmpli shed! 3V gr ai o.ie fri( C e ¾'> asi ove ) or by
volumetric or colorirnet tic rnethodi.,. In gencral, culorirnctric methods

seem to have been the most popular, Color-projiir ing reducing agents

such as lbromnine(4Z7, 4,30) or- ,t,,nnow, chloride wvit- thiocyanatcs(42Z% 431,
433, 436) arc reacted with the unknown, s tanda rds aire pr tepared, and

rricasurem~ents taken by Conipa- - on uin Nessler tunes,. 1,,-1 etinly, photo-

electric spectrop~hotoirete rs, which rfleaburc theic"n i ttc of light,
have lie en iit reducetA. (, 1 3, .1 '94

TPitration mnethods have been used extensively lin rieii-iurn- determinations,
but recently have vieldeti to toore rapid rnethods such as the colorlinetric

determinations,. Ciejirnl-aun aind Iru rd (1440), for instvrnce, dissolved the lower

oxides of rhenium by oxidation with perhydrol, and then titrated the re-

sultant perrhenic aicid with aL base, Although this mnethod of oxidation of the

lower oxides hias nlow bee~n dec lared unreliable, (44 1) ferric sulf-ate, potas-
siumn dichroxn-ate, or eerie sulfate can be used for oxidation purposes if de-

sired. (442) Excess oixidizerr nmay be titrated with permrnaganate. Perrhenates

have also been tit rate,! withi silver nitrate, using putassiurn chromnate as an
indicator. (44 1)

Geilranan xild 11 Lrd(l() iuii itpussible to determnine ehiororhenic

acid in the presence of pe rrlenic acid with tetrun (N, N'- tetrarnethyl-o-
tolidine) which ot-v rlitapjlt d 1 aWe ighabk cu ompleX countn ning Re t-4.

Speciatl Mu~thow&

Mvv' ul.;i 1-ýiti.t 1.4va tlý.aV, *L,,tnd The' ttIWirnctkM(4 5)

eathodicdlly rpdWeod porrhtnato ton int aulfurlc a'ldlgolu%,Itloi' t 4ilfiJM1I the

rhenium to doeposit completely on thw .athodo; it wari then 4xidized itnd ti-
trated, Vo~gi 446) varied this method by formfing L ath'tioi dcpnmoit4l fromn

,xnmantacal Sxl~tlflU, Mercury served as the cathode 1151( WAI., tristllled

off, leaving A rheniumr reulduq which warn examined pcdsirugraephlcnlly. (447)

This potarographle method bar beens studied exti-nsively by Linganie, (187,
448), Using hydrochloric or perchioric acid, as the supporting eletutrolytc, the

perihenats warn reduced to Re+4 St the dropping- mercury catthode, The
diffusion currea~t wasn well defined and directly prop. rtional to the concen-
tration ofl perrhenate ion, The hali-waive aic~tt -4'IN perchlorlc zl!r
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-0.4 v and in ZN and 4.JN hydrochloric ,tcid is -0.45 v and -0. 31 v. re-
spectively, versus the standard calomel electrode. A double wave was
produced in neutral unbuffered potassium chloride solutions. The first
pzrt of this wave was caused by a reduction to Re-C, and the second part
by hydrogen discharge. In a phosphate buffer of pH 7, ReO4 - produced
a catalytic wave at -1.6 v.

Polarograms of Re'1 solutions in 1-ZN sulfuric acid at zero C showed
thýrpp 21nnnlr waves Their half wave nntrntialr 1-Jpr• (I A., * n 'AA Nt0

y u 0. 07 v. A similar polarograrn was obtained in IN perchloric acid with
some modifications, including separation of the 3-wave into two components.
In each medium the corresponding waves pertained to the same oxidation
states. The a -wave represented oxidation of Re-1 to Re+Z-, the /3'-wave to
Re+ 3 , the f3'-wave to Re+S, and the y -wave to Re+7 .

Reduction of rhenium in alkaline, neutral, and acid solutions were
observed by Geyer(449), who found that six steps occurred. The steps are
listed below. Geyer recommends that Steps (1), (5), and (6) are analytically
valuable.

step Acidcity Potential, volts Characteristic Reaction

(1) Alkalintz to weak acid -0.9 to -1.5 ReO4-I - Re
(2) Alkaline to weak acid - 1. 3 to -1.7 Re - Re-'
(3) Normal acidity 0.0 to -0.3 Re+ 7 

- Re
(4) Normal acidity -0.5 to +0.9 Re am Re-
(5) High acidity +0.4 to +1.0 Re+ 7 -a-Re 1 4

(6) High acidity -0. 1 to -0.3 Re+ 4 - Re

Hslemann(328) found that hot perrhenate solutions ieduced so smoothly
with stannous chloride that ReO4- could be determined potentiometrically.
In 4N HCIO4 and ZN KCl, these perrhenate reductions have been found to be
irreversible. (450)

The catalytic properties of rhenium can be utilized for a semiquanti-
tntiwPa Apfrnis-n e tp ront-0-n1 -r.diurtinnt nf Annrtlynr tpllivnntp )b%% ataw

nous chloride to(4 tellurium metal. If a protective colloid is used, the
tellurium will remain suspended in solution and can be determined "colori-
metrically" to give a measure of the rhenium present. The accuracy is
only about 10 to 20 per cent.

Analysis of rhenium in materials such as meteorites has been ac-
complished by irradiadion of the specimens in an atomic pile. (28) The
substance was compared with a standard and the relative radioactivity
gav.- a measure of the rhenium present.
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Fir general d-t~erm-inati-.ns of i•heniunm, the method of Wiilard and,
G. Snmith(435) using tet_,--.phe.iry!. arsonium chloride is recommended and
tsed by Mn0o. 0s today. The inodification of W. Smith and Lonr
iz, of .- 7 krs, -nandatory.

-a, concl-usiAon it should aloo het n cted Uh--t * ý-j,.k ... .. .. .. .._• eii n I,-L ..

numerous co-workers) presents almost a satp-by-step history of' the analyti-
c:• m of !he fnr H,. , I09 to the oresent. in his series, "The

Analytical Chemistry of Rhenium". There are no less than 20 sections in
this splendid series, published in Germany in the Z., anorg. allgem. Chem.
and in the Z. anal. Chem.

X LEC TRODZ POSITION*

Hblernaann(78): foreshadowed successful plating of rhenium in 1933 when
he precipitated pure rheniuvn metal by the elect rolysis of acid solutions con-
tainiuX parrhenate and fluoride ions. He claimed both high current and high
material efficiency, but was unable to produce a satisfactory plate. A year
later, Fink and Deren( 8 5) obtained hard, bright, compact deposits of rhe-
nium from acid, neutral, and alkaline bathe, by controlling the pH very
carefully. The pH value depended upon the electrolytes (other than rhenium)
present. Plating temperature was important and can be considered to in-
crease with the pM. Four baths are given as examples in Table 14. In
addition to these, an oxalate bath of pH 1. 2 to 1. 5 and a sodium bicarbonate-
ammonium sulfate bath of pH 7. 5 to 3. 5 were developed.

The plate ottained was found to be mirror bright if deposited on a
polisht.d surface. It was highly resistant to hydrochloric acid attack. The
rhenium was deposited on several metals such as brass, copper, and tung-
sten and could be codeposited with other metals such as nickel and cobalt.
Lta.dell and Knowles(284) claimed satisfactory electrodeposition o04 rhenium
from dilute sulfuric acid solutions at much lower current densities, i.e.
- %wl1,-2

Young(452) somewhat disagreed with Fink and claimed the sulfuric
acid concentration must be raised to give a bright plate. Young could not
plate rhodiuz-i over rheniurm but found that if he flash-plated rhodium o~nto
"th• base .!..et!.1 i.-! the dtpoejtto the i•henium, he could finaly plate
rhodium that uould rdhere satie!fctarily.

Netherl-on and Holt(S5) also reviewed Fink' a work,, particularly with
respect to current efficiency. They foind that the CCE (cathode-current
efficiency) wfs generally quite low. B&I-h N.. 3 in Table 14 •'•s• recorn-
ioended as tnc miuat uaziilk cxoi, whrbrc de .1t, i~;
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TAB.I.. 14. ,FOUR RHENIUM-PLATING BAMIlS S[iG(ESrFI)
BY FINK AND DEREN

( ;urrtent

Bath ,th'' i i

(Sp. gr. 1.84)

Z HReO 4  H2S04 0.7-1.2 Z5-30 10-15

20 g/l 5 g/l
(Sp. gr. 1.84)

KReO 4  H2S04 0.80-i.00 25-45 10-16

10-15 g/I 90 g/I
(Sp. gr. 1.84)

NH 4 OH

100 cc
(28% NH 3 )

4 KReO 4  H 3 PO 4  2.1 80-90 13-17
12 gll 48 g/l

(Sp. gr. 1.7)

Na 2 HPO 4

(6G gIl

at 70 C was used, the CCE was 15 per cent. These authors also developed

an amrnoniacal citrate bath, found to be the best for thin plates. The rhe-
niumn deposits t~rniqhed in air but possessed good resistance to hydro-

chloric and sulfuric acids.

Recently these authors(247, 248) investigated the conditions for co-
deposition of cther metals with rhenium, using nickel, cobalt, and iron.

Ammoniacal citrate baths were most commonly utilized. Compositions of

the most successful baths are recorded in Table 15. pH variations markedly

affected the alloy composition and were carefully controlled. The corrosion

resistance of the alloys plated was evaluated and is reported in the Corrosion

Resistance section of this report.
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TABLE 15. PLATING BATHS FOR THE CODEPOSITION OF NICKEL,
COBALT, OR IRON WITH RHENIUM AS RECOMMENDED
BY NETHERTON AND HOLT

Current
Temp, Dei'aity, CCE, Per Cent

E .th Cnrroosition p4 C amp/din2  Rhoniurn

Re-Ni KReO 4 , 10 8/I 12 70 5 90 70
Citric acid, 66 g/l
NiBO4 6zH20 56 g/l
NH 4 OH to pH of IZ

Re-Co KReO 4 , 10 /I 7 70 5 85 75

Citric acid, 66 g1l
CoSO4 ' 7IHzO, 60 gSl
NH 4 OH to pH of 7

Re-Fe KReO 4 , 10 g/l 7 70 5 65 85
Citric acid, 66 g/l
FeSO4 . 7HzO, 59.4 g/l
NH4 OH to pH of 7

BIOLOGICAL PROPERTIES

Toxicity

Rabbits were dosed with ZOO nilligramns of potassium perrhenate(453)
per kilogram of body weight. No unusual effect was observed, even though
the lethal dose of manganese in analogua• expcriments was. 5 to 6 mg/kg of
body weiyht. Repeated doses of rhenium also had no ill effect. The lethal
dose(4.4Ifor rats, injected intraperitoneally as sodium perrhenate, is about
1000 mg/kg of body weight. Molybdates are roughly tenfold more poisonous
thzn perrhenates, and rhenium chlorides are somewhat more toxic also,
due to hydrochloric acid libetation.
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Rhenium has no effect on the blood pressure of rats and has no hemo-

poictic action. (454) Radioactive rhenium was found to concentrate in the
thyroid, but practically all of it was e-creted through the urine within two

Druce(455) reported that cress seedlings watered with a 0. 1 per cent

solution of potassium perrhenate did not grow quite as well as the control
seedlings watered with rain water, but the rhenium-watered seedlings grew
better than those watered with a 0. 1 per cent solution of potassium per-

manganate. Geraniums watered with perrhenate solutions cast off leaves
that were found to contain rhenium, and specimens of mullein (Verbascum
thapsu•) were found to do poorly, compared with the control plants when
treated similarly.

USES OF RHENIUM

Rhenium, to date notably a rare and expensive metal, has found use
only in such specialized applications as catalysis, thermnometry, and pen-

point alloys. It is in great part due to prospective catalytic properties that
the chernisiry of rhenium has been so well developed. Metallurgical ap-
plications have remained in the background, probably due to lack of cheap
massive metal, and the pancity of information on rhenium' s metallurgical
properties bear this fact out. Electronic and lamp applications of rhenium
have been slow in development also, but show great future promise.

The general situation may be well sunmned up by the words of Ida and
Walter Noddack(24), discoverers of rhenium and still active in its chemistry:
"Rhenium can never be made int, rnacive articles in industry, but it will
find application where it possesses a singular properLy of special value,
as in the case of the platinum metals".

Paia. oiandPesn Applications

C atalysi

Rhepiurn wap first suggested for catalytical use in 19ŽZ9 by the
M.(-A!L r ,b: ,45 for oxidation processr-s. -ree_ r com bi-ned rhenium on
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a tungsten and quartz carrier promoted uxidatiuu of Liulfitec: tcf sulfates,

nitrites to nstrate-; hýut -.i1l1,!e to aZni1iAe black, The heats of formation of
rhenium oxides are small, so rhenium ia a good oxygen transmitter. Oxi-

dation of arnrionia(458) was conducted utilizing a rhecnium-platinumn alloy or

rhenium plated on platinum. These catalysts were all it the form of gauze.

"O",thZr lnveb t L..;,- 5 mca nwhtle, fnund rhetiti- valuable for destructive
ad constructive hydrogrnation, thu refinermen• , .,zi..i-nouck fuels, and de-
sulfurization.(459,460,46]) Shortly, Anisimov, Kras hleninnikova, and
Platonov(46L, -63, 464), who commenced a b-cites of articles en the catalytic

properties of rhenium, claimed that rheniumn was poor for hydrogenation
and oxidation, but an effective dehydrogenation agent. In the dehydrogenation
of ethanol to acetaldehyde, maximum yields of about 12 per cent occurred at
300 and 600 C, with a minimum yield at 400 C. P-opanol gave 20 per cent
propionaldehyde at 400 C. The propionaldehyde formed was practically un-
decomposed and the propanol was not dehydrated. Much better results were
obtained in the dehydrogenation of isopropanol to acetone. At 400 C the yield
was a maximum of 85 per cent. Chloroform was also produced -y the cata-
lytic action of rhenium at this time, (465) Finely divided rhenium metal
failed to hydrogenate either maleic acid or cyclohexene effectively, but if
the metal was prepared by hydrogen reduction of ammonium perrhenate,
catalytic action was improved for all uses, including both hydrogenation and
dehydrogenation. (466, 467) However, a copper-rhenium catalyst was just as
effective as rhenium alone and considerably less expensive.

The Russians continued their work on a wide scope and carried out a
number of additional organxc reactions by rhenium catalysis, a summation
of which is given in Table 16. Eventually their best rhenium-metal catalyst
was prepared by dissolving the rhenium metal in nitric acid, neutralizing
with ammonium hydroxide, and then evaporsting to dryness. This product
was reduced in hydrogen for I to 2 hours at 150 to 170 G, I hour at 170 to
250 C, Z hours at 400 C, and a final 2 hours at 400 C. (473)

Colloidal rhenium catalysts are considered the best rhenium catalysts
at the present time. (474) Zenghelis and Stathis(475, 476) prepared catalytic
rhenium in a colloidal form by treating potassium perrhenate with protal-
hinic acid and chloroform, or by treating potassium rhenium chloride with
gum arabic, hydrazine, and formaldehyde. The colloidal solutioa n c.atalyzed
thc decomposition of hydrogen peroinide aud hydrogenated maleic acid.
These authors(477) also moistened rhenium metal with sulfuric acid and
found it possible to synthesize ammonia fromn its elements thereby. The
decomposition of ammonia over rhenium has also been studied. (418) How-
ever, Zenghelis and Stathis evaiuated rheniust•, a a catalyst and fmind it

Just fair, compared with rutheriurn, palladiumn, -nd platin-arn,

Rhenium can be al-iyed with these and other elements to form effective
S.... -•a--! -------- ) The metal or its compounds can also be adsorbed

, p~wder d1 "a-t-vatcd charco. or cnal, In the latter state it was claimed
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to he valuablc for hydrcgeuaiiut'n, desulfurization. or conversion of phenols,
cresols, etc. , organics commonly found in coai tar and mineral oil, (4SO)

cently, Tribalat(481) catslvses( the folir'wing reductions with per-
rhenata ion so that they occurred quantitatively. The oxidation potential.
for these reactions are listed below, but the abstract consulted did not

Reduction Oxidation Potential, v

NO3- 1 (bySnCl 2 ) 1.05

N03.. (by FeS04) 1.00

NO3- (by HAsO 3 ) 1.03

HN0 2  (by SnClZ) 1.29

NH 2 OH (by SnCl 2 ) 1.35

HNO 2 (by NH 4 OH) -0.05

HNO2  (by N2 H4 ) -1.87

If the evaluation of Zenghelis and Stathis is correct, rhenium is not
of great worth as a catalyst. At the present time its price does not compare
favorably with certain other metals more commonly used for these purposes.
Rhenium evidently is effective catalytically, but so are many other metals
and materials. Rhenium is not unique as a catalyst, but merely good.

Thermocoupl es

Rhenium was early recommended(Zt0) as a replacement for rhodium
in rhodium-platinum thermocouples. Three to fifteen per cent rhenium was
suggested, and it waz also found that three or more per cent rhenium pre-

investigated the properties of rhenium for thermoelectric use. Rhenium
produced a rPtentia1 three times as great as rhodium when equal percentages
of each were tested as platinum alloys against pure platinum. The com-
parison is shown in Figure 13, Characteristics of the couplez Pt8Re/rt
and Pt4.&Re5Rh/Pt are plotted in Fiazre 14. These couples produced
voitages as high as those oz Chromel-,Aumel couples. More recent, litera-
ture(92) indicated use of a PtS. 4Re3. 5Rh/Pt couple in Germany. The
cou~le Ir/60Rc#,Or -rcdn!td a rernarkabv si4raight characteristic curve
(Figure IS).
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FIGURE 13. EMF PRODUCED BY ADD;TION OF VARIOUS
ALLOYING ELEMENTS TO PLATINUM IN
ALLOY-PLATINUM VERSUS PLATINUM
THERMOCOUPLES AT 1200 C
Schulie1462)

40 -- T --
0 - Pt 84R8e/Pt
b- Pt45FRe/tPt j
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Temperotur.,C

FIGURE 14. EMF PROEDUCED BY PLATINUM ALLOY
THERMOCOUPLES
SchulIze( 482 ) A- 4011
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FIGURE 15. CHARACTERISTICS OF IRIDIUM-RHODIUM-
RHENIUM THERMOCOUPLES
SchuI•e(t4 ) A- 4012

Due to these properties, attempts were made to replace at least part
of the criti-al rhodium in platinum-rhodium couples with rhenium in German
thermocouple wires. (54) However, it was claimed(Q4 1 ) that excessive
volatilization of the rhenium above 1000 to 1100 C (a result of oxidation
followed by volatilization of the oxide) caused changes in the thermocouple
ernf, precluding the use of rhenium above this temperature. The Pt8Re/Pt
couple definitely did this, but Goedecke claimed that the Pt4. 5Re5Rh wire
did not.

Some reportsk--, stated that: rhenium iherouupl (a.l Lys •iJL-

fied) were good up to 1900 C and foi- long time periods. Goedecke and
Schulze did zpecify the alloy: it was RhgRe/Rh and possessed an emr of
7. 2 my at that temperature. If volatilization occus,, t2_•is high-temperature
usability is questionable, but the presence of a neutral atmosphere would
eliminate all trouble.

Contact Materials

Several patents have been issued(?-43 Z.44,484) for rhenium-containing
xclectr-c-l roytact- alloys, previously r'entioned in the metaiiurgicai section
ry-his review. In general, rherium r:r prised about 10 per cent of the
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composition: the biaanc conisd of abou& I to 2O parLs molybdenum or
vanadium •,an the 7emainder tunetcn. These mnaterials could be prepai-ed
by pow-de r•-nta' A.•vF. tec-_. _. and very fine-grained hard compact& with
relting points over 42900 C resulted. They were excellent for make-and-
break contce7f-, due to innate toughn-ess and low electrode emissivity. Ac-
ccrding to Wcigcr(485) there was little tendency for arcing, pitting, oxidation,
or t-ansferecne of the metal, durmn•v per-tinn. and small ao..lunts of iun-
purities did not interfere with their properties. They were also valuable as
rexactyu ,a ., fnr impreonation with copper, silver, or gold.

The Noddacks(24) explained that the excellency of rhenium for make-
and-break contact alloys is a result of oxygen absorption by the reduced

mertal. The oxygen combines with rhenium to form lower oxides which are
good conductors and can be thermrilly decomposed.

Wear-Resistant Alloy

Several alloys of rhenium possessing high wear resistance have been
developed in Germany. (245, 246) Their primary use has been to replace the
alloys containing osmium formerly used for pen points. (5z) Several typical
compositions have been recorded in the section under alloys. The rhenium
content varied widely, but in most of the alloys it was present from 50 to
99 per cent. Many other metals were contained in the compositions, the
rnost prevalent being tungsten, nickel, cobalt, molybdenum, and platinum.
These alloys were usually prepared by powder-metallurgy methods, crushed,
seived, and hand-tweezer picked for suitable pen points. Far more worth-
while uses for rhenium than in wear-resistant types of alloys for pen points
have been suggested, but evidently not yet applied. These will be discussed

below.

Lap Filamen t s

Since rhenium has been found to be readily deposited on tungsten fila-
ments by the halide -thermnal-de composition processes, early suggestions
were . c ir.. r t use as ar•mn p filament, (486) The Noddacks(487)

found that rhenium volatilized less in vacua than tungsten and thus could be
used up to 2550 C. They also suggested(489) forming filaments by working
up rhenium and amnmorium perrhenate into a plastic nmass, forcing it
through nozzles or dies as a filarnent, and finally reducing the perrhenate
binder in the resultant filament with hydrogen.

Agte(235) recalled that attempts trc coat tantalum carbide on a tungsten
wire base were uncuccessful, Tantalum carbide is a better filament mate-

rial than tungsten, but more brittle. The filaments were unsuccessful be-

cause the tungsten core became carburizea and the tantalur• rarbide lost its
fine filament proptities. Agie J-,a-im-ed th-at .frn efrmed no carbides
(which is not whiolly accurate) so he deveivpvd ..- .
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on a rhenium instead of a tungsteia core 114u "of Carbon oc-t.rred
aud the carbide was properly activc. The carbide could also be prepared
effectively on rheniui--aloy cores, or on tangsten cores first coated with
a layer of rhenium. In all caties, tantalum was vapor dcposited ak tkie
final coating, then carburized in methane,

Phorn.apchi c mulsiuns

Halide salts ot rihcniun-, oif ij. tyc RZRe i(• iwhcre R is a metal and
X is a halide), were found to be excellent fog inhibitors. (489) A fog in-
hibitor of this type was added to the emulsion after final digestion or follow-
ing the afteir-ripening during preparation of the plate. A time lag after
processing improved the fog-inhibiting properties.

Potential Uses for Rhenium

Facts and data show that rhenium has been used but little to date. The
literature seems to indicate that a low German production of about 2 to 400
pounds a year for 10 to 12 years (time period estimated) after 1930 probably
went to three sources: (1) research, (2) thermocouples, and (3) pen points.
The first source undoubtedly took the lion' s shar:e. The other uses so far
suggested for rhenium have been largely confined to experimental applica-
tions. U. S. production from the University of Tennessee(33) in the main
part has been sent to universities and institutions for research. In the
Western World today, rhenium is 99 per cent a laboratory metal.

This situation should not last much longer. So far, its development
hao been retarded by the exceedingly high price, its scarcity, and a lack
of knowledge about some of it. very interesting properties. It appears, for
instance, that rhenium should be able to do most of the things tunglten does
in electron tubes, and should be able to do some of them better. Other
poseible uses are also known, but all applications, including ti-e electronic
ones, must stand on a firmer foundation of physical, metallurgical, and
electronic knowledge than is praeently available. Simultaneously with the
advent of this informationý the potential ui olf rhnium. will have crystal-
lized, and with utility and markets for the metal in sight, the present ex-
ccssivel*, high cost will be reduced,

The following is a discussion of some of the possiblE future uses of
rheniam.
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Physical and Electrical Properties for Electron-Tube A ppictions.
Rhenium has several properties which indicate that it would be more de-

sirable for certain electron-tube applications than tungsten or other metals.
The melting point of rheniumn ii.s been generally ,, c,-.tcd to be 3440 ±

60 K. (118) Evidence from the literature indicates. t!,)t the resistance of
rhenium to attack by re-idual gase4 in, evacuated containers is much greater
than that of tungsten. (88) These properties would be a very important tactor

in increasing the life of electron-tube heaters.

Rhenium is more ductile after being heated to high tempc-r,-tures than
tungsten. (91, 94) This property would give a filament constructed from
rhenium greaLcr resistance against mechanical shock than the usual tungsten
filament. The electrical resistivity is about four times that of tungsten.(120)

This would permit f.laments of rhenium to be constructed with a larger cross
section than tungsten filaments but with no change in the total resistance of
the filament. The larger cross section of a rhenium filament would give
added ruggedness to the filament, while the higher resistivity would permit

use of the same voltage source for heater power which is required for a
tungsten filament with a smaller cross section.

The spectral emissivity of rhenium has been reported to be about

0. 366. (119) This would rnake the use of pure rhenium as an anode material
in high-power tubes undesirable since other materials would dissipate more
heat by radiation.

Application of Rhendum for Electron-Tube Heaters, The cathodes in
vacuum tubes may be classified as directly heated and indirectly heated

cathodes. The directly heated cathode is, as the name implies, a cathode
whose emitting surface is heated by the passage of the heater current
directly through the emitter material. The indirectly heated cathode is one in
which the emitter material is coated on a sleeve, or cap, which encloses

the heater element. The sleeve, or cap, is heated indirectly by radiation
and conduction from the hLieatter .. lemnent. As a rule, the directly heated

type cathode is used in tubes where the power and/or voltage requirements
are very high. They are also employed in battery-operated tubes in which
uJ is dcsired to employ the minimrnum amount of power to heat the filarment.
The indirectly heated cathodes are used where the p'.iVr requirement:s are

not unusually high and where efficiency is fairly important.

The materials which are most commonly employed in directly heated

cathodes are tungsten and thoriated tungsten. It appears that pure rhenium

may be as good as, or better than, tungsten as an electron emitter. If it is
a comparable emitter, rhenium, ehould be considered as a replacement for
tmunsten for directly heated cL1ude. Rheniux rathodes are particularly

interesting since they may be sateiy opera~td at a tz.perstnre higher th-,.n
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tongstevi wi th it, inure s r'flion of material, as a result of the lower
vapo,+ pressurte of rhil,,in r. Deter-QTrtion of the cethtci- is from evapora-
tio1 t, sputteriTpg by risi(lut.t[ gases, and chemiri 6l otack. Operation at

higher tenperait ri ts wouhld sthuo increase the tota;lj c'isisiun current from

the citthode.

With directlv heated t ,i bode., .1 larger ,ii.-I er of rhenium, cathode

of a given length will have tlic :_ cic it : anue -. ti ;lLe r diamneter cath-
ode c . tungsten. This requir, r;e basic redesign w, .ibc-.s which employ
directly heated cathodes in order for the desired ujperating temrperature to

be obtained from a balance bc;ween tae radiated energy and the energy in-
put from the filament supply.

A possible application for a directly heated :heniurn cathode might be
in filament X-ray tubes which are employed fot X-ray analysis. In this

type of tube, the evaporation u.f" tungsten poses a serious problem. When
the target of the X-ray tube becomes coated with evaporated tungsten, the
X-ray diffraction lines of tungsten appear in the diffraction patterns. These

lines seriously interfere with the interpretation of the analyses. Since rhe-
nium is reported not to deposit to any great degree on the walls of tubes in
which it is heated, this problem would be minimized by the use of rhenium

filaments.

ThM possibility of the use of rhenium for application in indirectly
heated cathodes is fairly good. The physical and electrical properties of
rhenium indicate promise as a heater for this type of cathode. Since the
resistivity in ohm-cm of rhenium is higher than that of tungsten, a filament
for operation on the same voltage would have a larger cross section, and
consequently be more resistant to shock and vibration. The increased
cross section and the ductility of rhenium would give added ruggedness to
the heater, The low volatility and resistance to aLiaek by residual gases of
rhenium should increase the life of a rhenium heater over that of tungsten.
It is also probable that the possibility of contanmination of the emitting sur-
face of the cathode by evaporation or migration of the heater material to
the cathode-emitting material would be minimized by the use of rhenium as
a heater element.

Thoriated Rhenium Emitters, In high-voltage tubes which require
large emission currents, thoriated tungsten is usually employed. Since
this cathode is seriously damaged by positive-ion bombardment, it is
limited to application in tubes having operating potentials of less than about
10,000 volts.

Tungsten is thoristed by adding a small amount of thorium oxide to
the tungsten before it is drawn into the desired smie of wire, The cathode
f!!irn•eýd from the wire -. flashled at a high tetnverature to reduce the thorium

1c t~imita, ht cz:hc: i:zcite byoprtino at a temperature
*4th allows the thorium metal to dif""use to the surface of the tungsten wire
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more rapidly than it is evaporated. This permits the: formation of patches
OLdof hiciii, on fthe surtface of the cathode. The operating temperature is
maintained at a value which. permits the thoriumn that is evaporated to be
replaced by diffusion of thorium to the surface of the cathode.

se-ver al faact-ors are inli'll rpd in fthp nýnAr*i~i- of ntknr ;%tpi rhi~p i nrn

emitter. The success of such ain emitter would depend largely uplun the rate
of diffusion of thoriurn- to the suirface of rhieniumn. If the rate of diffusi~on
wer,- too low, then patches of thorium could not be rudintained on the suriace
of the rhenium. There are reports, however, that thoriated rhenium emit-
ters have be~en constructed and have promising operating chairaicteri!stics.
The possibilities of a thoriated rhenium emitter warrant investigatioA
since thoriated tungsten emits about 11000 times as much current as is ob-
tained from pure tungsten. The mechanical properties of rheniumn are such
that thoriated rhenium. should be more rugged than thoriated tungsten.

Use of Rhenium in Electron-Tube Elements Other Than Heaters. On
the basis of the indicated physical, electrical, and mechanical properties
of rhenium, it appears to be promising for other elements in vacuum tubles
in additio-n to cathodes. Since the other components are either grids or
plates, the requirements for each will be considered with respect to the
characteristics of rhenium.

The materials which are employed as anodes for high-power tubes
must be ;capable of dissipating the heat which they receive as a result of
the current flowing through the tube. This heat is dissipated almost en-
tirely by radiation from the anode surface. For the dissipation of the
same energy, 'the anode material with the spe~ctral emissivity nearest I
will be the coolest. Anodes are often coated on the outer surface wi~th some
material which aPPjrU-LL1hV1 1. The spectral ei-nissivity of 0., 366., which has
been reported for rhenium(1 19'), indicates that this metal would not be a
good heat radiator. The high melting point and ductility do, however, not
exclude the possibility of using rhenium for such an application. If em-
ployed, the outside surface would probably increase the! emissivity, and
corilequently, increase the radiation of heat. The only advantage of coated
rhetiiumn over other refractory maetals would be its strength at high tempera-
tures. This doles not appear too important for most applications.

As a arid material for electron tubes, rhenium appears to be little
blet'ter than materials which are now in use. The material fr-jrn which grids
are constructed should have a low secondary-electron emission coefficient
in order to reduce the grid current. Y'or high,-power tubes, the: grid mate-
rial muet bc physically stronig ;-nd should hav a low rate of sputtering under
ion boimbardment. The secondary-emission yield of rhenium is 1. 30, which
is only slightly less, than the 1., 31 reported for tungsten. Since the Secondary-
Prni.'!sian coefficicnt for all meta-is in t61his atomic weight rankye is about the

stanpoint. The secondary emniSsion -from grid wire.5 is frequently reduced
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by coating the metal which fornms the grid structure with gold, or nickel,
As a rule, the wires of the grid structure are of tungsten v-hen high power
is involved. The objective is tn obtain strength at high tcmp;razuurec. in
loui-power tubee, the grid ts usually made of nickel, which is easier to
fabricate and has a low secondary-electron emission coefficient. It is
possible that rhenium would fulfill moat of the requirements for a good grid
TrwtMV0'wifi ranu*t i-ir amwlt, 4., 1

4n1llo ' t Wet ~ a

with tungiten since it is believed to lh;ivve a lower '--iajor pressure and a
higher resistance to attack by residual gases.

Powdered Rheniur in Cermet-Type Heaters. In the past few years,
work has been carried on in the development of cermet cathodes. Cermets
are mixtures of a metal and refractory insulating materials, which are first
pressed to shape and then sintered. Cermets for cathodes contain Just
enough metal to give the cerrmet the desired electrical conductivity, since
an excess of metal reduces the electrical resistance and increases the danger
of cracking on repeated heating and cooling cycles. The cermet cathode is
heated by passing current through it. The materials for cermets on which
the most work has been performed are tungsten, or molybdenum mixed with
thorium oxide. In 1950, 0. A. Espersen made some tests on a cermet
composed of rhenium and thorium oxide. (490) The emission constants
which were determined for the rhenium and thorium oxide cermets were a
work function of 2. 83 electron-volts when the Richardson constant wam 11, 7
amp cm 2 K" 2 . The emission current which was obtained from the rhenium
and thoria cermet wai about twice that obtained from a similar cermet
formed from tungsten and thoria. It was also reported that there was lees
deposit on the glass bulb after 150 hours of life test at 2040 K from the
rhenium and thoria cermet than from the tungsten and thoria cermet.

Although the cermet-type cathode is not in general use in electron
tub*& at the present time, it appears that it will find widespread use in
applications where a high-power, rugged cathode is needed. It appears
that rhanlum is adaptable for the construction of cermets of promising
materials. From the available data it appears that rhenium will be even
better than tungsten for this application.

s Filaments

Numerous suggestionsW3 7 473, 486, 487) indicate the possible use of
rhenium for incandescent lamp filamnents. Undoubtedly, rhenium would be
excellent in this application. It can be operated at higher filam•ent tempera-
tures, should be stronger than tungsten, and does not enter into the del-
eterlous water cycle as does tungsten.. Druce( 4 9 1) has never heard of or
seen incandescent lamp bulbs with rhenium filaments on the open market,
"so the f•eid is evidently virgin. Patents developed to cover this property
were drawn in the 3 1lv IQ-' 03 a OI nrakaL s I n Ily Th
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"expired or- err About to expire. Probably the only resGonn; fori >O of
- M fil n.-: _n the r-v,•Vet their :;carcity an4- high price.

h' rMnstructin Material

Rhenium should pusa ess . ....t . ...... rc-t" OiWi3

e,.di.a0 It has a melting point almost as high as tungsten, and it probably
dCvr u,-_t I'AC;.C_:; .... en-britt-10eod n_.. A n", tnnosten. R-henium or rhenium
alloys might be used above 2500 C if protected from oxidation, and Arend(49 2 )
has suggested it for use in aircraft-mounted gas turbines. However, it is
probable that high cost and low production volume of rhenium preclude large-
scale use of the massive metal, but for certain critical applications, uti-
lizing small amounts of nmetal, rhenium might be used for construction pur-
poses for service at extremely high temperatures. Cladding or coating to
prevent oxidation is, of course, mandatory.

Thermocouples

Because of the high emf produced in thermocouples due to the presence
of rhenium as an alloyin infredient, its use in this field may become wide-
spread. Some accounts- 41claim that excessive oxidation and volatilization
of the oxide of the rhenium above 1100 C prevents use of the couple PtBRe/Pt
except at low temperatures. However, the Pt4. 5ReSRh/Pt thermocouple
does not do this and other alloys ye.' to be developed may not also. These

thermocouples can be used for long periods and produce three to four times
the potentials of usual noble metal couples. The couple Rh8Re/Rh(482, 483)

can be used up to 1900 C, an extremely high thermocouple temperature.
The Noddacks(24) state that the following therrnoelements have distinct

possibilities:

PtRe/Pt PtRe/Pd
PtRe/Rh RhRe/Rh
IrRe/Ir

They Lurihi declared thtin their o-pininn-, the best future use for rhenium
lies in this field.

Electrical Contacts

TheA. acveral patents and papere on this subject indicate good poten-
tiaiUties for --ake-and-break electrical contact materials of rhenium, rhe-
niun , J.Pty' and/cr sintered compacts which contain rhenium, These could

be used as focinsgz in .lar--ge circuit breakers, or in smal!er contacts such
as inrte:nal-cc.nibustion engine distributor points. Rhenium content of the
alHoys rtconmmended in the past has bee.n "Or' ."^-r-
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~I~ jei~s o he p or-anrof the aliswi ritv Deer recorir
ai iifIr ! r. Evdde ncl y theyv pc-ý-fJo:izn vei C welt-1 bl'tt the e xpera_ aZ ro rhe -

niun hae -0 l•irr '""-'-d !beir dexvelcn-ment,

The use of pen-nib tipU compo.ed of rhenit,,• alloys developed to re-
place scarce onsmium a1?oytn may be but a preview of the applications ,f
rhenium in this field. Pivot bearings and wear-resirstant suxrfa_; o ....
types should be developed as an o&tgrowth of the limited German pen-point
business. Watch bearings, compass bearings, scale edges, and other
high-use parts of instruments and machinery could be made of rheniurn
a1½cvs. The watch industry, balance makers, and all types of precision
Instrunent manufacturers should be interewted in wear-resistant applica-
tions for both civilian and military coneumption.

It is possible that rheniumn alloys might be highly resistant to erosion

corro-ion by abrasive fluids, although no tests on this type o0 wear havc
been conducted. Application would be found in needle valves and similar
fluid-control devices.

CorrosioA Reeiatance

Rhenium has been noted as possessing rermarkable ability to 4Ith-
sand the ravages of hydrochloric acid, This acid is a notably bad actor
and construction rntcriale for containing hyaroch.oric acid are hard to
find. Stainlese steels, for instance, haves tendency to be pitted by the
acid, despite their over-all high corrosion resistance in this medium, If
rhenium should show no tendency to pit in hydrochloric acid, its use is a
distinct possibility. It probabiy would .* preaenta; an = clect-rpl:e.&t. . or
cladding on less expensive base metals,

Catalysiv was amply covered in the Past and Present Applicavion.
section of this #survey, The information presented therein stands as fair
CNvider?'Ce ;Y& rŽnun is tt21t better a* a catclyst ttn either less ex-
pensive znet&a# i;Cpper, nzckel)i ox eqa-fly dear but me-re-r a tnndant m*nca24

(oatnun) h'-~'rcatialytic oses whcrc no ot'her Cnraiu't:t are i-t4

Mi~i~ar.r T eau~c AgL9ULýt4QA.5
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Rh4-ir rim also "reprove5 o.tb: :rucharti.ra proprrtues of irirdiurm xnvzked-y
Tt -h¢-n rt-?nrd tht -ver,, t hin foil and very fine wire can Lt prDpared
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This section of the report presents a general commentary on the
viciaiiy and vkiue of the data and ivforniation compiled in this survey.

It should tbe noted that this report Las been based only on published,
nonclas3ified type information, If it had been possible to add certain con-
"idential data to the zurvey, the pic -re drawn might have been colored
differently, particularly from the production and resources point of view.

Occurrence, Abundance, and Production

It is obvious that rhenium is rare and costly, but its potential is
sufficiently great to warrant considering it as a special-purpose material.
The information on world dcposits is quite confusing. The concentrations
of rhenium reported by various investigators have not been placed on a
comparable basis, i. e.., reduced to percentage of rhenium in the whole
native ore. Rather, the percentages reported are often at some advanced
stage of ore concentration, resulting in figures like the 25 per cent on
ýwrdish moulydenite repoi~ted by Amin of.• 4 3 44). if rhenium comes into

high demand, a survey of the mineral deposits should be made to ascertain
their t•ra valut:. In any case, rhenium produced in this country would
come from native molybdenite, relatively easily recovered and yielding
an appreciably high production. (55B)

Extraction and Reduction

Fr on the 1i.ter.ature and frow personal obiervation of the Tenne2see
.rr --.. . 4rr nra

treric: je e Pii•oc-a and the F-aench ProceSs, As described in

the text, both are simple and direct, and both are operating at the pres-t

timeý

"two olher inethods deserve mention. The. ion-cxchlange procedure

develope .O az 72& untrer . .. o' U;vi s .un ; |•.- -| i,4[..-
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[r)a prornu5q ý I.I~i itLS ecooC'ý.kIA c~ 'wo.!ýit clx~ ot b;-cn r"v'cn- In adt~i

tf nce they arI- undoubtedly activcly rrhenium, Feit' n
,rooems.) liust bv considered as a practical oive.

A AC111 1) - WACt-V 4VU ± - UU - ±L 31I -'OrU 11± -3U 1h -'o r U r v C'4

rhcniumn are the r.eduction of heated jierhbenatcs and the thermal-dissociation

processes. If rhe, ium is des'ire direttlv i a ld form, t e
therm.!•dis~ocintion method will produce "hot-wire" rhenium crystal bar
from rhenium halides in one step. This method has been widely used for

research production of rhenium filaments. Most common, however, is
the reduction of heated potassium or ammonium perrhenates with hydrogen.
These are simple reactions to conduct and result in a pure powder suitable

for pressing and sintering.

Consolidation and Fabrication

Little real work has been done along these lines by previous investi-

gators, so their sparse data can be considered only a vague guide for future

work.

Physical Properties

Some of the physical properties are fairly well established. Others
are only phantoms, the dimensions rf which have hardly been even esti-

mated, The atouric weighlk, crystal structure, melting point, magnetic
properties-, optical and X-ray spectra, and nuclear properties seem to
have been fairly well determined. Unless future experimentation indicates
serious flaws in these properties, they should not have to be redetermined.

However, due to cnnflicting data or lack of sufficient verification,
numerous physical constants corne under question. Among these are the

sistivity, and spectral emissivity. No attempt has been made to determine
the vapor pressure or any of the other physical properties not mentioned

in the text.

Electronic Properties

Thr eltctric propevties ahve bleen determineid in part, but those

evaluated have not bc.en adequately verified. The the--nionic-emission
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Metallurgical Properthes

"Themet. alu-'i eat censtu't: :o far re ri a n'c :'i'jcct to great
que stion. The basic properties of tensile strength and c loihgation have been
reported by only one writer, and the mate -;al used was on]l \a finc wire in

the ;as-deposited condition.

In the field of rhenium alloys, little is known about any alloys except
:hose with tungsten, osmium, aind iron. There is no reason to suspect the

a-:cc icy of the data for these systems, but even here the data available lire
sketchy.

Chemical Properties

A great deal of disagreement occurred early in the history of rhenium

over the various chemical properties. With time, these disagreements seem
to have been largely settled. Thus, the chemistry of rhenium is now fairly
well known, although numerous minor mistakes are apparent in present-day

literature. Where observed, these mistakes were filtered out of this report;
great care should be exercised when reading literature on the chemistry of
rhenium, as previous reviewers have often misquoted the original source.

Analytical Chem-istry

Much work has also been done in this field of chemistry. After

evaluation of the methods proposed for both types of analysis by the many

investigators, it is suggested that microscopic identification of character-

istic crystals is perhaps the roost positive way to qualitatively deterrm-ine

the presence of rhenium. The tetraphenyl arsonium chloride mnethod of

Willard and Smith for rhenium seems to be a very widely accepted method

of quantitative anlalysis.

Elect rodepo sition

Most of the experimentation in tis field seems to have been) ulti-

rnately successful and reasonably unchallenged. There is little other com-

ment that can be made on it.
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